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CHAPTER I
INTRODUCTION AND OVERVIEW

The last decade has introduced a bewildering era of
complexity in Department of Defense (DOD) weapon system acqui-
sitions. While primary concern has centered on the effective
and efficient use of taxpayer dollars, numerous obstacles
make this objective deceptively difficult to achieve.
Tremendous leaps in technology have produced weapon systems
of previously unimaginable complexity and cost.  Further com-
plicating the issue is the need to plan the acquisition and
use of these weapon systems over as much as a 20-year time
span with money that is appropriated by Congress one year at
a time. Even more uncertainty has been added by shocks to the
U.S. economy in the form of 1) inflation, 2) increasing cost
and questionable availability of energy, and 3) increased
competition from foreign countries.

The above-mentioned conditions have contributed to cost
overruns in U.S. Air Force weapon system acquisitions, and
clearly illustrate the need for more precise techniques to
estimate the cost of these weapon systems. The experience of
industry and the DOD indicates that direct labor is a signifi-
cant determinant of cost. This research will focus on develop-
ing a better way to estimate direct labor costs and, more

specifically, on the effect of a change in the rate of

1
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production on direct labor requirements.

Limiting the Problem

At the outset of a major DOD production program, a ten-
tative monthly production schedule for the life of the program
is negotiated between the contracting parties. This schedule
permits planning for such items as work force buildup, facility

1 and tooling needs, and the ordering of long lead-time items.
Although the planning delivery schedule covers the life of the
program, formal contractual agreements between the Department
of Defense and manufacturers usually cover only annual deli-
very requirements. Delivery requirements for subsequent years
are funded through the exercise of options or separate con-

{ tracts as funds are appropriated by the Congress (15:2).

These multiple-year programs may result in a need to

change the production rate. For example, when funding for a

| particular year is insufficient to cover the production sche-
duled under an existing production plan, it may be necessary

. to stretch out the production over a longer time span. A

national emergency or changed mission requirement may dictate
; an accelerated rate of production. When such changes in deli-
;; very schedules are required, changes in cost estimates are
also required to support contract negotiations and additional
funding requests. It is suggested that the rate of production

; is an important independent variable that can be used to help

project the change in costs due to either program accelerations

| S

EW

or decelerations (15:2).
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Industrial and government cost estimators have tradi-
tionally used learning curve techniques to estimate direct
labor hours required in production (3:25). Learning curve
theory is derived from the relationship between the cumulative
number of units produced and the number of direct labor hours
required for production. In other words, as a worker produces
more of a given item, a certain amount of "learning" occurs,
and the number of hours required for production tends to f
decrease in a regular pattern. This "“learning'" is not limited
to improved manual dexterity of workmen. Other forms of
learning include experience gained by managers that results
in improved work methods, more efficient physical layout of
the shop, more efficient parts supply, more efficient tools,
etc. These forms of learning all result from experience
gained from working with a system, and have led some authors
to suggest that the learning curve should really be called the
experience curve (14:63-64). Learning curve theory is based
on the following assumptions:

1. The production item should be sizeable and complex

and should require a large amount of direct labor.

2. The majority of assembly operations should not be
mechanized or machine-paced.

3. Learning curves applied from past experience should
be adjusted for any differences in items, process, or other
aspects of production.

4. The production process should be a continuous one
and the item and product changes kept to a minimum.

3




S. Historical data should be available to compute the
curve since estimated data have low reliability.

6. There should be no external production rate changes
(3:231).

The last assumption (no externally caused changes in
production rate) is, as already indicated, unrealistic in the
DOD arena. Changes in production rate are forced on DOD acti-
vities quite often. There has been considerable research con-
ducted to correct this apparent limitation of the standard
learning curve model. These studies will be discussed in
Chapter II.

One of the most promising studies resulted in a model

for airframe production,developed by Larry L. Smith, which im-

proved the basic learning curve model through the addition of

a production rate variable. Smith's methodology has been re-
plicated for aircraft avionics and engines to determine its
validity in other types of production. .Further replication
in other weapon system applications is warranted, and forms

the basis of this research effort.

Research Problem Statement

The effect of changes in the production rate on direct
labor hours for continuing missile production programs is not

known.

Research Objectives

The objective of this research is to apply Smith's model

4




C ar e e e = o———

to determine: 1) if changes in production rate affect total

' direct labor hours per missile; 2) how the model compares with
the basic learning curve model as a predictor of direct labor
hours for continuing missile production; and 3} if Smith's
approach for airframe production is applicable to missile

production.

Research Hypotheses

The hypotheses to be tested in this research are: 1)
that the production rate explains a significant amount of the
variation in direct labor requirements for missile production,
and 2) that the production rate model is a better predictor of

direct labor requirements than the basic learning curve model.

Summary

With the problem narrowed and the objectives outlined,
: the next chapter is devoted to a review of past research
approaches and findings. Chapter III will discuss the research
hypotheses and the methodology for testing these hypotheses.

A brief summary of assumptions and limitations about methodo-

4

logy will close Chapter III. Chapter IV will discuss data

- -

analysis and evaluation. Finally, Chapter V will contain the

f summary, conclusions, and recommendations of this research.




i
2

CHAPTER I1

A HISTORY OF LEARNING CURVE THEORY AND
ITS USE IN PREDICTING LABOR HOUR
REQUIREMENTS

The learning curve has been used extensively in the
aircraft industry during the last thirty years to assist
in cost estimating for major DOD weapons acquisition
programs. Since the introduction of the basic learning
curve model, a number of variations have been developed
in an attempt to achieve a greater accuracy in predict-
ing actual cost figures [6:6].

Since the standard learning curve model fo;ms the basis for

all variations that followed, this chapter will first discuss
the original model and its limitations. Then a chronology of
the major research efforts that resulted from the traditional

model will follow.

Standard Learning Curve Model

T. P. Wright is generally regarded as the pioneer of
learning curve theory. After his initial research, learning
curve tables were in use at McCook Field, Dayton, Ohio as
early as 1925 (4:49-50). Wright's 1936 article on the applica-
tion of the learning curve to aircraft manufacturing cost
estimation is widely regarded as the initial substantive
effort in mathematically modeling the learning phenomenon for
aircraft manufacturing (17:2D26). As a result of increased
aircraft production during World War II, the U.S. Government

6
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sponsored a statistical analysis by the Stanford Research
Institute on World War Il airframe direct labor data. The
Stanford study resulted in two important achievements: 1) it
confirmed the learning curve effect on World War II production
and 2) it demonstrated the value of a learning curve model for
use in cost analysis (17:2D26-27).

It can be intuitively discerned that for labor pro-
duction processes which are repetitious, each succes-
sive equivalent unit of production will require fewer
direct manhours, and that the manhours required decrease
at a decreasing rate. This phenomenon, known as the
learning or experience curve, has two basic variations.
The variation validated by the Stanford study is known
as the '"unit curve" or "Boeing" theory (11:2D28; 7:273),
and can be expressed mathematically by the formula:

Y = AxP
where:

Y represents the direct labor hours for the "xth"
unit,

X represents the total number of units manufactured
in the process,

A represents the number of labor hours to produce
the first unit manufactured in the process, and

B represents the slope parameter or a function of
the improvement rate.

The slope of the curve can be expressed as a percentage,
which is the ratio between the per unit cost at any unit
and the percent cost at double that number of units (2:
199). The "cumulative average'" or '"Northrop" variation
(described by Wright in his 1936 article) measures the
average cost for X units rather than cost for the xth
unit. Its mathematical form is:

Y = axB

"Where Y is the cumulative average cost of all production
up to and including the xth unit. The other parameters
are the same as for the unit curve theory [11:2D29]."
While the Boeing and Northrop models can be manipulated
in the same manner, the user should be aware of the
difference between the unit cost and cumulative unit

cost measured by these respective models. The unit
learning curve will be the model used for the rest of
this paper [6:7-9].




Limitations of the Standard Learning

Curve Model

Probably due to its simplicity, intuitive appeal, and
long history, the learning curve model is still widely
used. However, the learning curve model does not take
into account the exogenous changes in the rate of pro-
duction. Those exogenous changes are a concern of this
research, as is their effect upon the total direct labor
requirements.

Concern about exogenous changes in production rate is
justified by the following factors: (1) workers will
adjust according to pressure to speed up or slow down
production; (2) as more workers are employed, the dis-
tribution of tasks to each individual worker should
narrow; and (3) at higher production rates, tooling
costs can be more widely allocated to larger numbers of
units (21:44).

Fiscal prudence dictates that each echelon within
DOD strive for accurate cost prediction in order to
budget, manage, and control. It naturally follows that
the importance of production rates in cost estimating
must be investigated fully, and that DOD buyers must
consider the effects of production rate changes through-
out the acquisition process [16:11].

History of Efforts to Add Production

Rate Variable

The focus of this research involves the addition of the
production rate as a second independent variable in the learning
curve model. This section will present a chronological history
of some of the more important work that has been done in this
regard. The list is not exhaustive, and is intended only to
provide the reader with a summary of the most widely recog-
nized research efforts in this field. Not all researchers
have agreed about the usefulness of the production rate vari-
able. However, recent efforts show great promise for the pro-
duction rate to aid in more accurate predictions of labor

8
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requirements.

Harold Asher Study

Asher examined the relationship between cost and quan-
tity in the airframe industry. Using empirical data from
several airframe production programs, he subjectively evalu-
ated the effect of the production rate on direct labor hour
requirements. Asher identified two ways in which the produc-
tion rate could affect unit labor cost. First, it can affect
the amount of machine set-up time charged to each unit of pro-
duction. Second, it can affect the number of subassemblies
in the manufacturing process which, in turn, affects the
number of hours of subassembly work charged to each unit. He
concluded that production rate was not very important as a
predictor when compared to the effect of cumulative production

(2:86-87).

Alchian and Allen Research

Alchian and Allen advanced the idea that production
cost is dependent on three production variables: 1) total
volume of the item to be produced, 2) production rate, and 3)
amount of time from the decision to produce until the first
output occurs (15:19). They drew three major conclusions.
First, larger total volumes lead to smaller unit costs because
of increased product standardization that accompanies larger
volume. Second, unit costs increase with increasing produc-
tion rates because more overtime and less efficient workers
are needed to support the increased production rate. Third,

9




the cost variable increases if the initial production start-
up time is compressed. They explained that less efficient
procedures are used than if time were allowed to prepare
properly for production. Subsequent effort must be expended
to correct these inefficiencies and results in higher unit
costs (1:308-322).

Although Alchian and Allen did not test their conclu-
sions on actual data, it is felt that their ideas may have

application to the airframe industry (15:20).

Gordon J. Johnson Article

Johnson predicted labor requirements for rocket motors
using an additive model which considered both the rate effect

and the learning effect. The model he used was

Z
y = A+ BX; + CX2
where:
y represents direct labor hours per month,
X1 represents production rate in equivalent units per
month,
Xz represents cumulative units produced as of the end
of each month, and
A,B,C,2 are model parameters.

Johnson regressed this model against four sets of
rocket motor data. His results are shown in Table 1.
As depicted in the table, Johnson had good results
(high R2) with data sets 1 and 4, fair results with
data set 2, and poor results with data set 3. Johnson
explained data set 3's poor results as being due to an
inadequate accounting system used by the manufacturer,.
He concluded that the production rate is a significant
determinant of direct labor requirements [6:10].

10




TABLE 1

Summary of Johnson's Regression Analysis

Coefficients of ,
Determination (R2)
Regression Variables Data Set
1 2 3 4 )
Labor Hours vs Cumulative Units .755 .395 .00678 .763 o
Labor Hours vs Cumulative Units
& Production Rate .932 .808 .308 .927

p? represents the proportion of the variation in direct
labor hours that is explained by the regression model.

Source: (8:34)

Joseph A. Orsini Thesis

Orsini (12:57-80) tested Johnson's rocket motor model
using airframe data from the C-141 program. He employed the
following procedure: 1) regression analysis was performed on
the data using the standard unit learning curve model, 2)
regression analysis was again performed using Johnson's three
dimensional additive model that incorporated rate of produc-
tion, and 3) analysis was performed after converting Johnson's
additive model into a multiplicative one which is stated as

follows: -

where

Y represents the direct labor hours per quarter,

Xl represents the number of units produced per quarter,

11
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represents the cumulative number of units produced
as of the end of each quarter,

80,81,82 are model parameters, and
e 1is the base of natural logarithms.
Orsini concluded that 1) inclusion of the production rate as
an independent variable significantly improved the predictive
ability of both the additive and multiplicative models and 2)
the multiplicative model performed better as a predictor than
did the additive one because it eliminated the need to esti-

mate the parameter Z (12:71).

Large, Hoffmayer, and Kontrovich
Study - .

During an effort to develop a general cost model spon-

sored by the Office of the Secretary of Defense, these three

investigators examined data from major airframe acquisitions
relating to the effect of production rate on cost. The model

used, according to Smith (15:29-30), is of the form:

YL = A - wB . sC . rD

where:

Yi represents the cumulative direct manufacturing
labor hours through unit number i,

W Trepresents the program average weight in pounds
as expressed by the Defense Contractor Planning
Report (DCPR),

s represents the maximum design airspeed in knots,

r represents the production rate expressed as the
acceptance span in months for the first i air-
frames (for their investigation Large, Hoffmayer,
and Kontrovich chose i arbitrarily to be 100 or 200),

A,B,C,D are model parameters.

12
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Large, Hoffmayer, and Kontrovich concluded that the
effects of the production rate could not be predicted with
confidence, especially in the early stages of a major acqui-
sition. They felt that each case must be considered separately
(9:50-51). Smith (15:31) indicated that the use of an accept-
ance span as a proxy for production rate masked the true
effect of the production rate because of the resultant averag-

ing effect.

Joseph Noah Research

Noah analyzed cost data to find the effect of produc-

tion rate on airframe costs. His model for the data was:

-A.Bocc
y e X1 xz X

D
3

where:

y represents average direct labor hours per pound
of airframe for each airframe lot,

e is the base of the natural logarithm,

Xl represents the cumulative volume in pounds of
aircraft produced by the midpoint of each air-
frame lot,

Xy represents the production rate in average pounds
of airframe delivered per month for the entire
period,

X3 represents the annual volume of aircraft in

airframe pounds, and

A,B,C,D are model parameters.

Noah averaged the estimated regression coefficients
from two sets of data, one on the F-4 and the other on
the A-7, and tried to develog a generalized cost model.
Smith felt that this approach was questionable and that
the model needed to be tested on additional aircraft
programs to determine if it did actually serve as an
accurate predictor. Also, Smith stated that while the

13
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lot average airframe delivery rate was a practical
representation of the production rate, the average
delivery rate variable appears to lag the average
expenditure of hours required to produce the air-
frames delivered [6:10, 12].

Larry L. Smith Dissertation

Smith developed a model for airframe production that
included a production rate variable to test the idea that
production rate changes can explain changes in direct labor
requirements (15:35}. He adapted a modified version of Orsini's

multiplicative model as follows:

B8 8 e.
= L] 1 L] z . 1
Yi = Bp * Xp5 v Xy ¢ 10
where:
Y. represents the unit average direct labor hours

needed to output each pound of airframe in lot i,
xli represents the cumulative learning acc.ued from

experience on all airframes of the same type
through lot i,

x2i represents the production rate of lot i for all
airframes of the same type,

e. represents the variation of each dependent
variable which is not explained by the two
independent variables,

80,81,32 are parameters in the model (15:43).

Smith also linearized the model to facilitate multiple linear

regression. The linearized form was (15:45):

Log Yi = Log Bo + B1 Log xli + BZ Log xZi + el

Smith used two proxies for the production rate variable.

The "lot average manufacturing rate" included the number of

airframes in a lot divided by the lot time span, where lot time

14
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span was the time between release date from the lot for the
first airframe in the lot. The '"lot delivery rate' was the
actual monthly airframe acceptance rate (15:11-13).

To test the accuracy of his model versus the standard
learning curve model, Smith employed a 'reduced" model which
was merely his model, or "full” model, minus the production
rate variable. The "reduced" model was a unit learning curve

model as follows (13:43):

Y. =

. Bl , ,,ei
i " B Xy4 10

1

Regression of historical data with each model allowed Smith to
identify the contribution of predictive ability by the produc-
tion rate variable (16:17-18).

Evaluating data from the F-4, F-102, and KC-135 airframe
production programs, Smith reached the following conclusions:
1) in each case, the production rate variable was negatively
correlated with unit direct labor requirements, 2) both proxies
to the production rate variable were important contributors to
the full model's predictive ability, and 3) as evidenced by
the Rz values he obtained, the full model more closely fit the
data than the reduced model (15:142-146). Tables 2 and 3
summarize Smith's regression analysis and predictive ability

test results.

Congleton and Kinton Thesis

Using the same methodology, Congleton and Kinton repli-

cated Smith's research for the T-38 and F-5 airframe production

15
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TABLE 3
Summary of Smith's Predictive Ability

Test Results

Test Percentage Deviation*
Situation FuIT Model Reduced Model
1 -2.6 14.5
2 2.2 ' 13.6
3 Not Reported 13.6
4 1.8 5.3
5 3.1 5.3

6 -7.8 Not Réported
7 faked Not Reported
8 -0.7 1.1
9 -4.2 1.1
10 -1.1 5.6
11 3.5 Not Reported
12 2.2 -3.3
13-16 RAR AR

*These tests were conducted as described in Chapter IV of

this research (15:56). All percentages are rounded to
nearest tenth.

**Smith reported the results were deviations greater than
than those for test situation 6, but did not report a
value (15:96).

**2Smith reported that predictive ability tests were im-
practical for situations 13 through 16 because observa-
tions were limited to seven (15:71-131).

17
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programs. They reached the same basic conclusions as Smith;
however, in one of the thirty test situations they reported
that R® was higher for the reduced model than for the full

model, but by less than one percent (5:91-93).

Stevens and Thomerson Thesis

Stevens and Thomerson replicated Smith's model for air-
craft avionics systems. Specifically, they examined the
Magnavox ARC-164 radio and the Teledyne Computer Signal Data
Converter. After applying the methodology set forth by Smith,
Stevens and Thomerson formed the following conclusions: 1)
production rate was a significant explainer of variation in
direct labor hours in nine of ten cases, 2) the predictive
ability of the full model was better than that of the reduced
model for 18 months into the future, 3) the standard learning
curve (reduced) model consistently overestimated direct labor
hours while the full model stabilized predictions over an
extended interval, 4) regression coefficients are unique to
the program for which they are derived, and 5) the overall
applicability of Smith's model has wide potential and can be

tailored to various other programs (16:102-104).

Crozier and McGann Thesis

Crozier and McGann also replicated Smith's research.
They applied both the reduced model (standard learning curve)
and the full model to three aircraft engine programs: 1)
the General Electric J-79, 2) the Allison TF-41, and 3) the
Pratt and Whitney F-100. They found that the production rate

18
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significantly explained variation in direct labor hours in
three of six cases examined, with especially good results on
the F-100 engine. On all engine programs, the full model
was a better predictor than the reduced model. (Crozier and
McGann concluded that the results when using Smith's model
depend a great deal on the type of weapon system. This last
finding justifies the need for more replication efforts of

Smith's model (6:92-94).

Summary

The dominant theme of the literature review has been
the relationship between production rate and direct labor
hour requirements. While not all researchers have agreed,

there is significant evidence that production rate is an

important contributor to the predictive ability of learning
curves. This research will examine that relationship for

selected missile production programs. Chapter I[II will out-

line the methodology used in this research effort.




CHAPTER III

RESEARCH METHODOLOGY

This chapter outlines the research hypotheses and the
methodology used to test them. The chapter is divided into
six sections as follows:

1) Objectives and Approach,

2) Model Variables,

3) Model Definitions and Assumptions,

4) Research Hypotheses, '

5) Data Collection and Treatment,

6) Summary.

Objectives and Approach

The objectives of this research were: 1) to determine
if the direct labor requirements for missile production were

affected by the production rate, and 2) to determine if the

production rate model was a better predictor of labor require-

et

ments than the basic learning curve model. Meeting these

objectives also established the applicability of Smith's pro-

duction rate model to missile production.
The approach was to collect historical production data

from two missile programs, the Maverick manufactured by the

Hughes Corporation, and the Short Range Attack Missile (SRAM)
manufactured by the Boeing Company. These data were then

20




evaluated using Smith's production rate model. As in all
previous research using Smith's production rate model, the
model was adjusted to specific data groups. No attempt was
made to develop a generalized labor hour model to be used in

all types of missile production.

Model Variables

The three variables evaluated in this analysis were:
1) direct labor hours,
2) cumulative output,
3) production rate.
Since it was desirable to improve the ability to predict dir-
ect labor hour requirements, this variable was designated as
the dependent variable. Cumulative output and the production

rate were treated as indcpendent variables.

The Direct Labor Hours Variable

Direct labor is usually measured in hours, although it
is occasionally measured in dollars. Whenever the data are
expressed in dollars, care must be taken to accurately account
for inflation. The primary determinants of total direct labor
are: fabrication labor, assembly labor, and test labor. De-
pending on the individual contractor, the data may be expressed
as total labor or any combination of the component parts (fab-
rication, assembly, and test). The exact form of the data is
unimportant as long as a consistent unit of measurement is

maintained.
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The Cumulative Qutput Variable

Records are normally kept for the number of missiles
completed each month. The cumulative output is the total
number of missiles completed since the beginning of the pro-

duction program as of the end of a specific accounting month.

The Production Rate Variable

The production rate is simply the number of missiles
completed during an accounting month. For some production
processes, the production rate is difficult to accurately
assess. Whenever this situation occurs, a proxy must be
developed for the production rate. Commonly used proxies are
the delivery rate and the acceptance rate. A caution is in
order whenever proxies are used. For example, the delivery
rate (e.g. as reflected on DD Form 250 acceptance document)
to an operational wing may bear little or no resemblance to
the actual production rate at the plant. Actual production
rates are preferrable if the data are available. If proxies
must be used, they should be chosen with care so as not to

entirely mask the effect of production rate variations.

Model Definitions and Assumptions

Chapter II discussed the two models used by Smith, which
he called the '""full model" and the "reduced model'. For ease

of reference, the models are repeated here.

Model Definitions

The reduced model is the basic learning curve where:
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In the full model the production rate variable is added as

follows:

Bl BZ e-

= . * [ ] 1
Yi = Bp * X35 ¢ X5 ¢ 10

The terms used in these models are defined as follows:
Yi represents direct labor hours,

xli represents cumulative output,

xZi represents the production rate,

e; represents the variation which is left unexplained
by the variables in the model, and

BO’BI’BZ are regression coefficients.

To facilitate multiple linear regression of the two
models, they were transformed to a linear form by taking the
logarithm of each term. The logarithmic form of the reduced

mcdel is:

Log Yi = Log 60 + Bl Log xli *oey;

and the logarithmic form of the full model is:

Log Yi = Log 80 + Bl Log X Log X + e,

11 * 8 2i i

Assumptions

The statistical significance of the results of the re-
gression was tested using appropriate F-distribution statis-
tics. To establish the validity of these tests, it was
necessary to make some assumptions concerning the error terms
in the model. First, the error terms were assumed to be

23




normally distributed with a mean of zero and constant vari-
ance. Second, the error terms were assumed to be independent
of each other and of the independent variables (10:30-31).

The first two assumptions were tested using the procedures

described in Criterion Test One (A).

A third assumption concerns a problem which frequently
develops in multiple linear regression, that of multicollin- i
earity. Multicollinearity exists when there is a high corre-
lation between or among independent variables, which in this
research were cumulative output and production rate. If a
strong correlation exists between or among independent vari-
ables, the F-test may find the marginal contribution of one 1
or more variables to be statistically insignificant when, in
fact, they may be good explainers of variation in the depend-

ent variable if considered separately (10:341).

While multicollinearity can be a serious problem if
the model is to be used for control, it is not as serious a
problem when the purpose of the model is to predict as was
the case in this research (10:342). The contribution made
by adding the production rate to the reduced model was sub-
jectively evaluated by comparing predictions of the reduced
model to those of the full model. Therefore, it was assumed
. the varying degrees of multicollinearity had no substantial

impact on the short-range predictive abilities of the model.

Research Hypotheses

. Two hypotheses were tested. The first hypothesis was

24
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that ﬁhe production rate explained a significant amount of
the variation in direct labor requirements for missile pro-
duction. The second hypothesis was that the production rate
(full) model predicted direct labor requirements for missile

production better than the reduced model did.

Research Hypothesis One

The first research hypothesis was tested in two steps.
The first step examined the statistical significance of the
model's regression coefficients by regreséien'analysis of
historical missile production data. The second step involved
the use of two criterion tests to evaluate the appropriate-
ness of the model for theAdata{"The dependent variable of
the full model, in log-linear form, was subjected to regres-
sion analysis. The independent variables were the logarithms

of cumulative output and the production rate.

Statistical Hypothesis One (A)

Statistical Hypothesis One (A) stated that the cumula-
tive output variable and the production rate variable were
related to labor hours as shown in the model. The null hypo-

thesis and its alternative were formed as follows:

HO: 81 and BZ = 0
le 84 # 0 and/or 82 £ 0

The decision rule was as follows: the null hypothesis
was rejected if the test statistic (F-ratio) was greater than

the critical statistic (F-critical) at the 0.05 level of
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significance. F-critical values were extracted from Neter
and Wasserman's F-distribution tables (10:807-813).
Mathematically,
F-ratio = MSR/MSE
MSR = SSR/(p-1)
MSE = SSE/(n-p)
where:

MSR represents the mean of the regression sum of
squares in logarithmic form,

MSE represents the mean of the error (or residual)
sum of squares in logarithmic form,

SSR represents the regression sum of squares in
logarithmic form,

SSE represents the error (or residual) sum of
squares in logarithmic form,

n represents the number of observations, and

p represents the number of parameters in the model
(10 :45, 79, 227-228).

The F-ratio compared the explained variance (MSR) to the unex-

plained variance (MSE), and thus determined the ability of

the model to explain the variance of the dependent variable.

Statistical Hypothesis One (B) :1
The hypothesis tested the ability of the production é

rate variable, when combined with the cumulative output vari-

able, to explain additional variation in direct labor hours

per missile. Statistically, the null and alternate hypotheses

were:

0° BZ =0

le 8,5 $0

|
i
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As before, the null hypothesis was rejected if the test
statistic F* was greater than the critical statistic Fc at
the 0.05 level of significance. The value of F* was deter-
mined as follows:

F* = ARZ/S
(1-R*)/(n-k-1)

where:

AR® represents the increase in explained variation

caused by the addition of the logarithm of the
production rate variable to the reduced model,
represents the amount of variation in direct
labor hours explained by the logarithmic form
of the full model,

g represents the number of variables (in this
case, one) which cause the increase in R4,

n represents the number of observations,
k represents the total number of regressors, and

n-k-1 represents the degrees of freedom in the
unexplained variation (18 :435).

The F* statistic in this test yielded a ratio of the increase
in explained variance to the remaining unexplained variance
which resulted from introducing the production rate variable
into the reduced model.

However, Neter and Wasserman (10:253) indicate that the
increase in explained variance caused by introducing the pro-
duction rate variable must be qualified if correlation
(multicollinearity) exists between the independent variables.
Whenever correlation exists, the increase in explained vari-
ance is not solely the result of adding the new independent
variable. So, when the production rate variable is added to

27
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the model, the magnitude of the change in explained variance
is partially caused by the already present effect of the
cumulative output variable.

When independent variables are correlated, there is
no unique sum of squares which can be ascribed to an
independent variable as reflecting its effect in re-
ducing the total variation in Y. The reduction in
the total variation ascribed to an independent vari-
able must be viewed in the context of other independ-
ent variables included in the model whenever the
independent variables are correlated [10:253]}.

Criterion Test One (A)

The first criterion test for the appropriateness of the
model concerned the assumptions about the residuals, or ob-
served errors. The model was considered appropriate for the
data if assumptions about constant variance of residuals,
independence of residuals, and normal distribution of resi-
duals could not be rejected on the basis of appropriate tests
(10:240).

The assumption of constant variance of residuals was

tested by plotting the residual values against the predicted

values of the dependent variable. The assumption was accepted
if the plot revealed an even distribution (no discernible
pattern) and if most residuals were within one standard error
of the estimate (10:239-240).

The Durbin-Watson Test (11:358-361, 816) was used to
check for independence of residuals. The test determined
whether or not the autocorrelation parameter © was equal to

zero. The test alternatives were:
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HO: p >0

H1: p =0
A statistical package called "STAT II" in the Copper Impact
Library at the Air Force Institute of Technology calculated
the Durbin-Watson statistic designated as D. Table A-6 in
the Neter and Wasserman text contained upper and lower bounds
(du and dL) for various sample sizes, levels of significance,
and numbers of independent variables. The calculated sta-
tistic D was compared to the upper and lower bounds in the
table at the .05 level of significance. The decision rule
was as follows:

I£f D < du, conclude Ho

I£D > dL, conclude H1

If dL <D < d,, the test is inconclusive.

If alternative H1 was concluded, the residuals were considered
to be independent.

The assumption of normal distribution of residuals was
tested in two ways. The first, and more stringent, test was
the Kolmogorov-Smirnov (K-S) test. If the K-S test indicated
a problem, then the residuals were plotted on normal proba-
bility paper to see if the plot approximated a straight line
(11:107-108, 112).

The basis of the K-S estimation procedure is the cumu-
lative sample function, which is denoted by S(X). S(X)
specifies for each value of X the proportion of values less
than or equal to X, i.e. S(X) is simply a step-function
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ogive (11:403). The K-S procedure utilizes a statistic,
denoted by D(n), which is based on the differences between
the cumulative sample function S(X) and the true cumulative

probability function F(X).

D(n) = Max|S(X) - F(X)|

In other words, D(n) equals the largest absolute deviation
of S(X) from F(X) at any value of X. D(n) is shown as a
function of n because it depends on the sample size. Sur-
prisingly, however, it does not depend on the specific form
of F(X). Hence the K-S ptOCfdure may be used for goodness
of fit tests for any shape distribution, and was used in this
case to see if the residuals were normally distributed (11:
403-404).

The K-S statistic used in this research was calculated
by the STAT II package in the Copper Impact Library. If the
calculated statistic was below the critical value in the
D(n) table (10:709), the data were considered normal. Stated
in hypothesis form:

Hy: K-S* > D(n)_

H .

QN
1° K-S* < D(n)c

Criterion Test One (B)

The second test of the appropriateness of the model
involved the use of the multiple coefficient of determina-
tion, known as R. The RZ value measured the proportion of
variation in direct labor hours that was explained by the
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regression model. RZ was calculated by subtracting the quo-
tient of SSE/SSTO from one. The error sum of squares, SSE,
was the summation of all squared residuals, and was formally
defined in statistical hypothesis one (A). The total sum of
squares, SSTO, was calculated by summing the squared differ-
ences between each observed value and the mean of the depend-
ent variable (10:77).

In this model, R2 as a valid measure of explained vari-
ation was somewhat obscured by the transformation of the model

to the logarithmic form. Rz

in that form represented the
logarithmic value of direct labor hour variation rather than
variation in actual hours. Smith, in his research, developed
a more meaningful statistic which he called R? (actual) (15:
83). R2 (actual) was calculated in the same way that R2 was,
except that the SSE and SSTO values were calculated after
transforming the observed and predicted values of the depend-
ent variable from logarithmic to actual form. In that way,
the variation was represented in actual hours instead of
logarithms.

An appropriate model for the data would explain a high
proportion of variation in direct labor, and would consequent-
ly yield a high RZ (actual). Therefore, in this criterion
test, an R2 (actual) value of .75 or higher was selected as
the level at which the model could not be rejected as inappro-
priate.

If the model was not rejected by either of the statisti-
cal tests or criterion tests, its predictive ability was then
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tested under research hypothesis two.

Research Hypothesis Two

As stressed in Chapter I, a primary objective of this
research was to determine which form of the learning curve
would best predict direct labor hour requirements in a con-
tinuing missile production program. After the full model
was successfully developed under research hypothesis one,
its predictive ability was compared to that of the reduced
model. Research Hypothesis Two stated that the full model
would be a better predictor than the reduced model.

Smith's production rate model simulated future predic-
tive ability by performing a stepwise truncation of the
historical data. Smith described the process as follows:

In a real application of the model, the prediction

would be beyond the range of the historical data.

The only way to test the accuracy of the prediction
would be to wait and see how many hours it takes to
build the next airframe lot. To simulate this situa-
tion, the regression coefficients in the model are
estimated with the last few observed data points
omitted. Then using the new model, omitted values
(which are known but not used in estimating the model
coefficients) are predicted. Comparisons are then
drawn between the actual and predicted hours as a
subjective measure of predictive ability [15:56].

In this research, 12 data points were omitted and then
predicted. Twelve data points were chosen to simulate the
typical "real world" application of learning curve models
to estimate costs for the next fiscal year (12 months) of
production.

The second research hypothesis was evaluated using both

a statistical hypothesis and a criterion test. The statistical
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hypothesis was used to determine whether the full model was
significantly better than the reduced model in predicting
the labor hour values omitted in the prediction simulation.
Where the full model was found to be a significantly better
predictor based on the statistical test, a criterion test
was then applied to established whether the improved predic-
tive ability of the full model had a practical significance

as well.

Statistical Hypothesis Two.

A statistical test was performed to determine if the
average absolute deviation of the full model (IUFI) was sig-
nificantly less than that of the reduced model (IﬁRl). The
average absolute deviation for each model was computed by
taking the absolute value of the difference between the actual
and predicted direct labor hours occurring in each test situa-
tion, then separately summing the absolute deviations for
each model in all test situations. Statistically, the null

and alternate hypotheses were:
Ho: DRl < IDgl

H,: |D

1 > |p

RI F‘

The hypothesis was tested using the Student's t distri-
bution (less than 60 test situations) and the Z statistic (more
than 60 test situations). The assumptions of normal distribu-
tion and randomness of the deviations, examined in research
hypothesis one, remained in effect during this test. The

decision rule using the Student's t statistic was as follows:
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Reject H if t > t.(.05)

where:

t = (10| - IDE1)//(Sp/N) + (SE/N)
and

SR tepresents the variance of the distribution of
deviations obtained with the reduced model,

F Tepresents the variance of the distribution of
deviations obtained with the full model,

N represents the number of test situations,

t represents the critical t value obtained from
a table of Student's t critical values (18:208-215).

Criterion Test Two

Where the improved predictive ability of the full model
over the reduced model was shown to be statistically signi-
ficant, the model was then subjected to a test of practical
significance. This test was necessary because 1) the re-
duced model, although shown to be a statistically less
accurate predictor, could still be sufficiently accurate for
practical application, or 2) the full model, although shown
to be a statistically better predictor than the reduced model,
could still be so inaccurate as to be of no value in practi-
cal application. In either instance, the addition of the
production rate variable would not be considered worthwhile
from a cost/benefit standpoint.

To perform the criterion test, the individual deviations
computed for the full and reduced models in each test situation

under statistical hypothesis two were converted into a measure
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of deviation expressed as a percentage of the actual direct
labor hours. The use of percentages facilitated comparison
of results between programs whose values for direct labor
hours were relatively small and programs whose values for
direct labor hours were relatively large. Two categories
were then established for the deviationms.

These categories provided a basis for comparison of
the predictive ability of the two models. When percentage
deviations fell in the range from greater than five percent
to ten percent, the predictive ability was categorized as
good. When percentage deviations were five percent or less,
the predictive ability was categorized as excellent. The
number of test situations in which the percentage deviations
fell into each category was then separately summed for the
full and reduced models. Totals for each category and model
were then subjectively compared and the model with the

greater total number of good and excellent predictions was

judged to have the better practical predictive ability.

Data Collection and Treatment

Historical data from two separate missile production

) programs, SRAM and Maverick, were collected. Because of
differences in programs, data collection and treatment of the
’ model variables are discussed separately for each program. ﬂ
i Pertinent background information and treatment of the vari-

ables will be discussed first for SRAM and then for Maverick.

i

) 35

™




N

3
A

The SRAM Program

The AGM-69, better known as SRAM, was produced by the
Boeing Aerospace Company in three production runs (A, B, and
C) for use on the B-52, FB-111, and was projected for use on
the B-1. Production of this air-launched missile occurred
from February of 1972 through August of 1975, a period of
42 months.

There were three elements of production direct labor
hours for the SRAM program:1 fabrication, minor assembly,
and major assembly. Fabrication was defined as shop effort
expended in the manufacture of individual detail parts in
economic lot sizes. This effort included such activities as
shearing, shaping, drilling, and machining. Minor assembly
was defined as shop effort expended in joining of detail parts
by methods such as welding, riveting, soldering, and bolting.
Minor assembly was normally conducted in economic lot sizes.
Major assembly was defined as shop effort expended in joining
sub-assemblies into a final product and included a functional
test of the end product. Major assembly was conducted on a
unit by unit basis.

At the one hundredth unit of production, an accounting
change caused an aberration in the labor hours for fabrication
and minor assembly. Adding the fabrication hours and minor

assembly hours resolved this problem. Therefore, for the

1This information was obtained during a visit to the
manufacturer's plant in Seattle, Washington in December 1979.
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purpose of this research, fabrication and minor assembly were
considered together as one category.

The SRAM data were collected from two sources. The
Boeing Company provided data for the dependent variable,
actual direct labor hours per missile. The Boeing data also
contained delivery rates to operational wings as recorded on
DD Forms 250. As indicated before, delivervy rate can be used
as a proxy for the production rate. The Strategic Systems
Program Office (Strategic SPO) at Wright-Patterson AFB provided
data for the independent variables, cumulative output and pro-
duction rate. This data contained the actual production rate
per accounting month., Accounting months were derived using
a perpetual calendar to identify the numbter of working days
per calendar month. A problem was encountered with this data
in that some of the information was missing. Of the 42 possible
data points, only 22 were available, thereby creating an un-
intended sample of the overall population. The possibility
of sampling error decreased the confidence in the analysis
results. However, the sample was large enough to generalize
the results to the population. An exact sampling error could
not be computed because the sample was not randomly chosen.

Four models were derived from the SRAM data based on
various treatments of the variables. The four models and
treatment of the variables within each model are discussed
below.

Model 1. The dependent variable for Model 1 was desig-

nated Yf and represented the fabrication/minor assembly
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component of total direct labor hours. The independent vari-
ables were treated the same for Models 1 through 3 and are
discussed here, but not repeated.in the discussion of Models
2 and 3. The production rate used was designated XZ and was
the actual production rate obtained from the Strategic SPO.
Summing each month's actual production rate resulted in the
cumulative output variable which was designated Xl.

Model 2. The dependent variable for Model 2 was desig-
nated as Y, and represented the major assembly portion of
total direct labor hours per unit.

Model 3. The dependent variable for Model 3 was desig-
nated Y. and represented the sum of total direct labor hours
per unit.

Model 4. The dependent variable for Model 4 was desig-
nated Yt and represented total direct labor hours per unit.
However, differing from Models 1 through 3, the delivery rate
(DD250) was used as a proxy for the actual production rate.

Model 4 was used for two reasons: 1) to assess the perform-

ance of the delivery rate as a proxy for the actual production
rate, and 2) the use of the delivery rate proxy allowed the
utilization of all 42 data points (months) and provided a
point of reference to ascertain the severity of the sampling
error in Models 1 through 3. The delivery rate data were
recorded by calendar month. Once again, summing each month's

delivery rate resulted in the cumulative output.

The Maverick Program
Production of the air-launched Maverick missile (AGM-65)
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occurred from April 1972 through April 1978, resulting in
73 data points (months). Data for the Maverick program were
obtained through the cooperation of personnel at the Hughes
Aircraft Company plant in Tuscon, Arizona. The elements of
direct labor hours (fabrication, assembly, and test) were
essentially the same as for SRAM, with two notable exceptions.
First, the hours for testing of end-items were recorded sep-
arately rather than being included as part of assembly.
Second, all labor hours whether they be fabrication, assembly
or test were separated into two component parts. These two
components were called Standard Hours and the Unit Index.

Standard Hours represented the number of hours required
to perform a specified task under ideal conditions as deter-
mined by time and motion studies. Standard Hours corresponded
to learning that resulted from methods improvements during the
life of the program. The Unit Index measured the deviation
between actual performance and the ideal standard. The Unit
Index corresponded to '""hands on" labor learning that occurred
during the program. When multiplied together, Standard Hours
and the Unit Index resulted in actual direct labor hours used
to accomplish a major task (such as fabrication, assembly, or
test).

The dependent variable, then, was calculated by multi-
plying standard hours by the unit index to obtain direct
labor hours. The raw data did not specify the actual number
of hours on a unit by unit basis, but averaged the total
number of hours expended on all units produced during an
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accounting month. This system resulted in Maverick labor
hours being reported on an equivalent unit basis. Derivation
of the independent variables was done in the same manner as
for the SRAM program. The actual monthly production rate
reported by Hughes was available for all 73 months of produc-
tion. The production rate was simply the number of missiles
completed during an accounting month and was designated as XZ.
Summing each month's production rate yielded the cumulative
output, designated as xl.

Eight models were developed for the Maverick program
an@ were designated as Models 5 through 12. The models are
discussed below.

Model 5. The dependent variable for Model 5 was desig-
nated as Yf and represented the fabrication portion of average
total direct labor hours per equivalent unit. The independent
variables were developed as indicated above for all eight
models and are not discussed here,

Model 6. The dependent variable for Model 6 was desig-
nated Ya and represented assembly labor hours per equivalent
unit.

Model 7. The dependent variable for Model 7 was desig-
nated Ytst and represented test labor hours per equivalent unit.

Model 8. The dependent variable for Model 8 was desig-
nated Yt and represented the sum of total direct labor hours
per equivalent unit.

Model 9. The dependent variable for Model 9 was desig-
nated Ytu and represented the unit index portion of total direct
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labor hours per equivalent unit.

Model 10. The dependent variable for Model 10 was
designated Ytsh and represented the standard hours pesi-
tion of total direct labor hours per equivalent unit.

Model 11. The dependent variable for Model 11 was
designated Yeu and represented the unit index portion of fabri-
cation hours per equivalent unit.

Model 12. The dependent variable for Model 12 was
designated Yech and represented the standard hours posi-
tion of fabrication hours per equivalent unit.

. Models 9 through 12 were included to be able to assess
the relative effects of standard hours (methods improvements)
and the unit index (labor learning by the workmen). Total
hours and fabrication hours were the only models evaluated in

this manner because of limited computer resources.

Data Treatment Summary

Historical production data were gathered for the SRAM
program and the Maverick program. The data were used to
develop one dependent and two independent variables for use
in multiple linear regression analysis. Various combinations
of the data resulted in 12 models which are summarized in

Table 4.

Summary

Historical production data were analyzed using least

squares multiple linear regression. The research hypotheses
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TABLE 4

Summary of Models for Regression

Model Program Dependent Variable
(direct labor hours)
1 1 SRAM fabrication/minor assembly hours
2 SRAM major assembly hours
3 SRAM total hours
4 SRAM total hours?*
S Maverick fabrication hours
6 Maverick assembly hours
7 Maverick test hours
8 Maverick total hours
9 Maverick total hours** (unit index)
10 Maverick total hours** (standard hours)
11 Maverick fabrication hours** (unit
index)
12 Maverick fabrication hours** (standard
hours)
*For Model 4, the delivery rate as recorded on DD Form 250
was used as a proxy for the actual production rate.
N Pf*Models 9 through 12 were included to show the comparative
' effect of the unit index (labor learning by the workmen)
; versus standard hours (methods improvements).

’ were tested using the statistical and criterion tests described
i in this chapter.

The first hypothesis was evaluated using two statistical
X tests and tﬁo criterion tests. If all tests were passed, the

full model was validated. The conclusion sought was that the

N4
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production rate explained a significant amount of the varia-
tion in direct labor hour requirements for missile production.

The second research hypothesis was evaluated using one
statistical test and one criterion test. If both tests were
passed, the full model was shown to have better practical pre-
dictive ability than the reduced model.

Certain assumptions were necessary for the regression .
model to be appropriate. The strength and validity of the
conclusions drawn from the research hypotheses were dependent
on the applicability of these assumptions. Further, the
methodology contained certain limitations which must be con-

sidered. A summary of the assumptions and limitations follows.

Assumptions

1. Historical data obtained from the manufacturer and
the program office were recorded accurately.

2. Multicollinearity did not impair the short-range
predictive ability of the models.

3. Data measurements and transformations were accurate.

4, No significant loss of data precision was induced
by the logarithmic transformation of the data used to facili-
tate multiple linear regression,

S. The error terms had a normal distribution with a
mean of zero, constant variance, and were statistically inde-

pendent.

Limitations
1. Subjective analysis was required to assess the
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validity of the assumption concerning constant variance of
error terms.

2. Information derived from the data for a specific
program can be applied only to that program.

Having employed the methodology just described, Chapter

IV presents the results of the data analysis and evaluation.




CHAPTER 1V
DATA ANALYSIS AND EVALUATION

This chapter presents analysis of production data for

the two missile programs utilizing the methodology described

in Chapter III. It is divided into three sections, beginning
with analysis of the SRAM data in Models 1 through 4. The
next section discusses analysis of the Maverick data with
.Models 5 through 12. Each of these sections describes the
production program, the data, results of hypothesis testing,
and major findings. The last section summarizes the findings
for both production programs, compares and contrasts them,
and evaluates the overall applicability of the full model

to the two programs.

The SRAM Program

As stated in Chapter III, the data for SRAM program
analysis were obtained from two sources. The Boeing Company
provided the data for the dependent variable, direct labor
hours per missile. The Strategic Systems Program Office
provided the data for the independent variables, cumulative
production and production rate. Fifteen hundred missiles
were manufactured with no breaks in production from February
1972 to August 1975, a total of 42 months. As described in

Chapter III, there were time gaps in the production rate data
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that allowed use of only 22 of the 42 possible data points.
Because this sample was used instead of a census, confidence
in the analysis results was decreased somewhat due to the
possibility of sampling error. However, the sample size was
large enough to generalize the analysis results to the popu-
lation.

Aside from the potential sampling error problem des-
cribed above, the SRAM program provided a good test situation
for the research. The total direct labor data were broken
down into two major components, fabrication/minor assembly and
major assembly. This partitioning of the total labor hours
permitted the researchers to assess the differing effects of
the production rate on the two different aspects of labor.
Additionally, the cumulative output and production rate data
reflected actual results experienced on the production line.
As a consequence, development of a less accurate production
rate proxy was not required. Finally, the SRAM production
history did not reveal any major design, production, or
accounting changes.

The raw data were transformed as described in the ex-
planation of the individual variables for each of the models
presented in Chapter III. Regression analysis was performed
on both the reduced and full forms of the models, and test

2

statistics were calculated. The test statistics were then

The primary regression results used throughout this
research were obtained through use of Smith's FORTRAN IV pro-
gram which was extensively modified by the authors. This
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compared with the critical values required, and the criterion
tests were applied to determine if the first research hypothe-
sis was supported. If the results for a particular model
supported research hypothesis one and the criterion tests
failed to reject the model as inappropriate, that model was

then tested for support of research hypothesis two. Even if

the model was rejected as inappropriate under research hypo-
thesis one, tests for research hypothesis two were presented
for subjective evaluation, recognizing that statistical infer-
ences could not be made with confidence.

Analysis of Research
Hypothesis One ‘

The statistical hypotheses and criterion tests for
research hypothesis one are restated below in summary form
for ease of reference.

Research Hypothesis One. The production rate explains

a significant portion of the variation in total direct labor
requirements for missile production when included in an

appropriate model.

Statistical Hypothesis One (A). Ho: 81 and 82 = 0;

le 8, # 0 and/or 8,y # 0. Reject H0 if F Ratio is greater

than Fc'

modified program is listed and described in the Appendix. A
similar program is available for use by government price
analysts through the COPPER IMPACT Library under the file name
PRODRATE.
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Statistical Hypothesis One (B). HO: BZ = 0;

Hy: 8, # 0; reject HO if F* is greater than F..

Criterion Test One (A). The model's appropriateness

cannot be rejected if an analysis of the residuals indicates
the assumptions of constant variance, independence, and
normality are not violated.

Criterion Test One (B). The model's appropriateness
2

cannot be rejected if the computed R“ (actual) is greater
than 75 percent,

Test results for research hypothesis one are presented
in tabular format for each model tested. Recall that Models
1, 2, and 3 have the same values for the independent variables
(plant actuals) but different dependent variables; fabrication/
minor assembly, major assembly, and total direct labor hours,
respectively. Also recall that Model 4 has the same dependent
variable as Model 3 (total direct labor hours), but uses a
proxy for the production rate variable (delivery rate to desti-
nation; e.g. B-52 Wing, as shown on DD Form 250). To insure
these distinctions remain clear, each model is briefly re-
stated prior to presentation of the test results.

Model 1. The results of Model 1 are contained in

Table 5. Reduced model:

or in logarithmic form:
Log (Yf) = Log (80) + 81 - Log (Xl)

Full model:
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TABLE S

Research Hypothesis One Results*

SRAM Model 1
Fabrication and Minor Assembly Hours Per Unit
Fgduss Lo
Estimated Bo 1775.21 1881.92
Estimated Bl -0.20 -0.19
Estimated BZ -- -0.04
F Ratio 228.71 110.65
F Critical (2, 19) -- 3.52
Statistical Hypothesis 1A -- Reject HO
F Statistic -- .32
F Critical (1, 19) -- 4,38
Statistical Hypothesis 18 -- Fail to
Reject HO
Residual Plot -- Acceptable
KS Statistic -- .19
KS Critical - .29
Durbin-Watson Statistic -- 1.51
| Durbin-Watson Crit. (du/dL) -- 1.15/1.67
| Criterion Test 14 -- Passed
\ ' R® (Log) .920 .921
o R? (Actual) .928 .927
Criterion Test 1B -- Passed
: Resid. Analvsis
) Mean = 5.75
KS Statistic = .189 < KSC of .290 .. Normal Nistrib.
U Constant Variance - OK
,! Autocorr. - No
‘J *Certain table values may be masked in the published ver-
~ sion of this thesis because these data elements are
considered proprietary by the manufacturer.
{
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or in logarithmic form:

Log (Yf) = Log (Bo) + Bl - Log (Xl) + 82 » Log (XZ)

where:
Yf = fabrication and minor assembly direct labor hours/
unit/accounting month,
XIN- cumulative output plot point (cumulative units at
end of accounting month),

Xz = production rate/accounting month,

Model 2. The results of Model 2 are contained in

Table 6. Reduced model:

or in logarithmic form:

Log (Y,) = Log (8y) * 8; - Log (X))

Full model:

8 8

1 2
. or in logarithmic form:
{
) Log (Ya) = Log (BO) + Bl - Log (Xl) + Bz * Log (Xz)
‘, where:
)
o Ya = major assembly direct labor hours/unit/accounting
. |

month,

L Xl = cumulative output plot point (cumulative units at
. end of accounting month), .

Xz = production rate/accounting month.

N4
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TABLE 6

Research Hypothesis One Results

SRAM Model 2

Major Assembly Hours Per Unit

Rodnes b
Estimated 8o 1863.19 1890.33
Estimated By -0.39 -0.39
Estimated 82 -- -0.01
F Ratio 1796.53 855.18
F Critical (2, 19) -- 3.52
Statistical Hypothesis 1A -- Reject Ho
F Statistic -- .04
F Critical (1, 19) -- 4.38
Statistical Hypothesis 1B -- Fail to

Reject HO
Residual Plot -- Unacceptabl%
KS Statistic -- .09
KS Critical -- .29
Durbin-Watson Statistic -- 1.14
Durbin-Watson Crit. (du/dL) -- 1.15/1.67
Criterion Test 1A -- Failed
R% (Log) .990 .989
R? (Actual) .996 .996
Criterion Test 1B -- Passed

Resid. Analysis
Mean = .94

KS Statistic = .094 < KS

of .290 -~ Normal Distrib.

Constant variance - No - "Most terms within 1 std error,

Autocorr. - Indecisive

but snaking pattern
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Model 3. The results of Model 3 are contained in

Table 7. Reduced model:

or in logarithmic form:
Log (Y,) = Log (8,) * 8, + Log (X;)

Full model:
Ye =8y - Xy 7 - X

or in logarithmic form:
Log (Yt) = Log (BO) * B8y Log (Xl) + B, ° Log (XZ)

where:

<
n

total direct labor hours/unit/accounting month,

-~
[}

1 cumulative output plot point (cumulative units

at end of accounting month]j,

~<
[}

2 production rate/accounting month.

Model 4. The results of Model 4 are contained in

Table 8. Reduced model:

or in logarithmic form:

Log (Yt) = Log (80) + 81 * Log (Xl)

) Full model:

. or in logarithmic form: L
Log (Y,) = Log (85) + 81 * Log (Xl) + 32 * Log (X;)
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TABLE 7

Research Hypothesis One Results

SRAM Model 3

Total Hours Per Unit

S
Estimated 89 3366.71 3520.65
Estimated 31 -0.26 -0.25
Estimated 32 -- -0.03
F Ratio 735.51 356.36
F Critical (2, 19) -- 3.52
Statistical Hypo}hesis 1A -- Reject HO
F Statistic .- .37
F Critical (1, 19) - 4.38
Statistical Hypothesis 1B - - Fail to

Reject HO

Residual Plot -- Acceptable
KS Statistic -- .22
KS Critical -- .29
Durbin-Watson Statistic -- 1.35
Durbin-Watson Crit. (du/dL) -- 1.15/1.67
Criterion Test 1A - Passed
R% (Log) 973 974
R? (Actual) 975 .975
Criterion Test 1B -- Passed
Resid. Analysis

Mean = 3.91

KS Statistic = .222 < KS_ of .29 .- Normal Distrib.

Constant Variance - 0K, Some resid values larger for

o larger values of Yhat
Autocorr. - Indecisive
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TABLE 8

SRAM Model 4

Research Hypothesis One Results

Total Hours Per Unit with DD250 Delivery Rate Proxy

e it
Estimated Bo 3184.85 3614.84
Estimated B1 -0.25 -0.24
Estimated 82 -- -0.06
F Ratio 927.60 464,89
F Critical (2, 40) -- 3.23
Statistical Hypothesis 1A -- Reject Ho
F Statistic .- 1.05
F Critical (1, 40) .- 4.08
Statistical Hypothesis 1B -- Fail to
Reject Ho
Residual Plot -- Acceptable
KS Statistic -- .29
KS Critical -- .29
Durbin-Watson Statistic -- .51
Durbin-Watson Crit. (du/dL) -- 1.15/1.67
Criterion Test 1A -- Failed
ﬂ R? (Log) .959 .960
R® (Actual) .938 .944
> Criterion Test 1B -- Passed
)
Resid. Analysis
“ Mean = 3,98
) KS Statistic = .286 < KSc of .290 -~ Normal Distrib.
! Constant Variance - OK
P Autocorr. - Yes

A 4

P Y

1
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where:
Y, = total direct labor hours/unit/accounting month,
X, = cumulative output plot point (cumulative units at
end of accounting month),
X, = production rate proxy/accounting month (delivery

rate to final destination - DD250).

Research Hypothesis One

Analysis Summary

As shown in Tables 5 through 8, all four models indi-
cated a potential for supporting research hypothesis one.
Very high R2 values were evident in both the reduced and full

forms of the model, thereby passing all F-tests for statistical

hypothesis 1A. Both the full and reduced forms of each model
proved to be significant explainers of the variation in the
dependent variable; however, the production rate variable did
not add significantly to this explanatory ability. The high |
R2 values for the reduced model coupled with the small change
in Rz when the production rate variable was added, demonstrated
the greater strength of the cumulative output variable for ex-
plaining variation in the dependent variable.

The results of the appropriateness tests were mixed.
Models 1 and 3 met all assumptions while Model 2 passed the nor-
mal distribution assumption, but failed the constant variance f
and independent error terms tests. Model 4 did not satisfy
the assumption of independent error terms.

One of the primary reasons for including Model 4 in the

research was to investigate the degree of sampling error
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inherent in utilizing only 22 data points out of the popula-

tion of 42 for SRAM. The R2 and coefficient values in Model
4, which utilized a census of the total 42-point population,

differed only slightly from those of Models 1 and 3. There-

fore, the concern over possible sampling error was eased.

To summarize, two models were found appropriate for
the SRAM data, Models 1 and 3. Addition of the production
rate variable did not significantly increase the explanatory
ability of the already strong reduced model. Research hypo- i
thesis one for the SRAM program was, therefore, not supported. !

Analysis of -Research
Hypothesis Two

Models 1 and 3 passed the appropriateness tests and

were, therefore, validated for predictability testing under
research hypothesis two. Because Models 2 and 4 were not
deemed appropriate under research hypothesis one, statistical
inference for these models was not possible. However, the
predictive ability calculations for them are presented for
subjective evaluation. Even with statistical inference lack-
ing, it may be useful to know whether or not good predictive
ability results were obtained.
t Analysis of the predictive ability of the SRAM models
was conducted using the computer program listed in the Appendix.
) This program contains an option that permits the researcher to
P perform stepwise truncation of input data points and simulate
predictions of direct labor requirements. Predicted values

are compared with the observed values and any deviation is
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computed both as an absolute deviation and as a percentage of
the observed value. Since this process is carried out simul-
taneously for both the full and reduced models, it permits a
comparison of the predictive ability of the reduced model with
the full model (16:66).

For example, if the input data base contains 22 data
points (as in the case of the SRAM data), the last data point
(case number 22) is truncated. One limitation of the model is
that truncation cannot step backward beyond the total number
of data points divided by two, plus two. So for SRAM, simu-
lating 12 months of prediction was impossible. The maximum
number of data points (months) that could be truncated for
SRAM was nine (i.e., 22 + 2 =11, 11 + 2 =13, 22 - 13 =9,
the maximum number of data points that could be truncated with
22 total data points). Continuing with the procedure, regres-
sion coefficients are computed for the full and reduced models
using 22 data points and these coefficients are used to predict
the direct laboer requirements for case number 22. The predicted
values for the full and reduced models are subtracted from the
observed values and the absolute value of the resulting devia-
tions is stored in an array for use in the test of statistical
hypothesis two. The deviation is also divided by the observed
value and multiplied by 100 to arrive at a percentage devia-
tion for use in criterion test two.

The above process is repeated for case number 21 using
the original data base truncated to 20, 19, . . ., etc. data
points. The stepwise truncation continues until a prediction
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of case number 22 has been made from data points nine months
prior to case number 22, and the entire procedure is repeated
for cases 22 through 13. In data bases where the data points
represent one-month intervals, this procedure results in 81
test situations and provides a subjective test of a model's
predictive ability (16:67).

This procedure is illustrated in the third section of
the Appendix which contains a computer printout of a sample
situation using simulated data.

The statistical hypothesis and criterion test for
research hypothesis two are summarized and restated as follows.

Research Hypothesis Two. For 12 months into the future,

the predictive ability of the full model is better than the
predictive ability of the reduced model.

Statistical Hypothesis Two. Hy: [Dpl < IDgl;
]Dhl > |D%]. Reject H, if t > t. (.05).

Criterion Test Two. The model with the greater total

number of good (within 10 percent) and excellent (within §
percent)} predictions over the range of all test situations
will be deemed the model with the better predictive ability.

Research Hypothesis Two
Analysis Summary

Tables 9 through 12 summarize the predictive ability
tests conducted for Models 1 through 4 of the SRAM data. Since
Models 1 and 3 were the only ones found appropriate for the
data, statistical inferences were made only for them. The

12-month prediction simulation for Models 1 and 3 demonstrated

58




TABLE 9

Research Hypothesis Two Results

SRAM Model 1
Fabrication and Minor Assembly Hours Per Unit
Reduced Full
Test Items Model Model
Average absolute deviation 27.40 30.16
Variance 969.64 1541.42
t Test Statistic -- -0.49
t Critical -- _ -1.72
Statistical Hypothesis Two -- Fail to
Reject Ho
Total number of test situations 81 81
Total number of excellent
predictions (within S5 percent) 60 58
Total number of good predic-
tions (within 10 percent) 67 66
Criterion Test Two -- Passed

excellent predictive ability for both the reduced and full
forms of the model. The reduced model appeared to be a
slightly better predictor, but this could not be shown statis-
tically because the computed t statistic did not exceed the

t critical value for Model 1 or 3. Again, the strength of

the cumulative output variable may have masked the real
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TABLE 10
Research Hypothesis Two Results
SRAM Model 2

Major Assembly Hours Per Unit

Reduced Full
Test Items Model Model
Average absolute deviation 8§.71 9.45
Variance 19.61 25.61
t Test Statistic -- -1.00
t Critical -- -1.72
Statistical Hypothesis Two -- Fail to
Reject HO
Total number of test situations 81 81
Total number of excellent
predictions (within S percent) 19 18
Total number of good predic-
tions (within 10 percent) 66 58
Criterion Test Two -- Passed

contribution of the production rate variable to the model.

! The same basic results are demonstrated in Models 2 and 4, )
but statistical inference was not possible with them be-

) cause they were deemed inappropriate under research hypothesis

4 one,
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TABLE 11

Research Hypothesis Two Results
SRAM Model 3

Total Hours Per Unit

Reduced Full
Test Items Model Model
Average absolute deviation 30.24 33.01
Variance 871.17 1497.29
t Test Statistic - -0.51
t Critical » -- -1.72
Statistical Hypothesis Two -- Fail to
Reject HO
Total number of test situations 81 81
Total number of excellent
predictions (within S5 percent) 44 46
Total number of good predic-
tions (within 10 percent) 68 67
Criterion Test Two -- Passed

\ In summary, all models exhibited excellent predictive

ability and passed criterion test two as a result. All models
! failed to reject the null hypothesis under statistical hypo-

thesis two, so the predictive ability of the reduced and full

forms of the model could not be inferred to be statistically

4 different. Therefore, research hypothesis two was not con-
sidered supported for the SRAM data.
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TABLE 12

Research Hypothesis Two Results

62

4 history for the total Maverick missile.

SRAM Model 4
Total Hours Per Unit with DD250 Delivery Rate Proxy
Reduced Full
Test Items Model Model
Average absolute deviation 23.17 29.10
Variance 231.45 586.97
t Test Statistic -- -2.78
t Critical -- -1.72
Statistical Hypothesis Two -- Fail to
Reject Ho
Total number of test situations 180 180
Total number of excellent
predictions (within S percent) 112 95
Total number of good predic-
tions (within 10 percent) 176 161
Criterion Test Two -- Passed
: The Maverick Data
)
A The data furnished by the Hughes Aircraft company con-

sisted of total direct labor requirements and production
Full-scale produc-
tion commenced April 1972 and continued without interruption

through May 1978 (73 months), resulting in the manufacture of




approximately 26,500 units. Because the data reflected signi-

ficant fluctuation in the production rate, the program provided

an excellent test situation for the research. Like SRAM, the
Maverick data were broken down into several major components
--fabrication, assembly, and test. Once again, this parti-
tioning of total direct labor hours permitted evaluation of
the differing effects of the production rate on these differ-
ent elements of labor. The production rate and cumulative
output data were based on actuals experienced in the Tucson
AZ plant; thus, no proxy for the production rate was required.
Also, no significant technological, production, or accounting
changes occurred during the program.

One intriguing aspect of the Maverick data was the
manner in which the manufacturer accounted for direct labor
hours in the three categories described above. As mentioned
in Chapter III, direct labor hours were segmented into two
components: Unit Index and Standard Hours. On a continuing
basis, Hughes conducted time and motion studies to estimate
how many hours it would take to manufacture each missile
under "ideal" conditions at a particular point in the produc-
tion program. This estimate was called Standard Hours, and

its evolution over time represented a measure of methods

improvement. For each month of production, Hughes computed
a Unit Index reflecting the deviation between the actual
number of direct labor hours required for production and
{ the number of hours that would be required under ideal con-

. ditions. Whenever the actual number of hours required for
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production achieved the "ideal" standard, the Unit Index was

equal to one. Any value of the index greater than one re-
flected less than ideal performance. The evolution of the
index over time represented a measure of labor improvement or
learning. To calculate direct labor hours per missile, the
Unit Index was multiplied by the Standard Hours. For example,
assume the program is in the early stages of production, the
Standard Hours are 100 hours per unit and the Unit Index 2.50
per unit (less than perfect conditions). The two are then
multiplied to calculate total hours per missile of 250, each
~describing a different aspect of labor. As one might expect,
the Unit Index, Standard Hours, and direct labor hours ex-
hibited learning trends to varying degrees. Because of

this unique accounting procedure, the researchers were able
to assess the effects of the production rate on both the
"labor learning"” and '"'methods improvement' aspects of direct
labor.

The raw Maverick production data were treated as
described in the explanation of individual variables for each
of the models presented in Chapter III. Regression analysis
technique, statistical hypothesis testing, and criterion test-
ing for research hypotheses one and two were performed in
exactly the same manner as performed on the SRAM data.

Analysis of Research
‘Hypothesis One

Once again, to insure the distinctions among models
remain clear, each model is briefly restated prior to the
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tabular presentation of the test results.
Model 5. The results of Model 5 are contained in

Table 13. Reduced model:

or in logarithmic form:
Log (Yf) = Log (80) + 81 - Log (Xl)

Full model:

or in logarithmic form:

Log (Yf) = Log (30) + 61  Log (Xl) + 82  Log (Xz)

where:

Y. = fabrication direct labor hours/equivalent unit/

accounting month,

~
[]

cumulative output plot point (cumulative units
at end of accounting month),

XZ = production rate/accounting month,

Model 6. The results of Model 6 are contained in

Table 14. Reduced model:

\ or in logarithmic form:

Log (Y,) = Log (By) + 8; * Log (X{)

Full model:




TABLE 13
Research Hypothesis One Results
Maverick Model 5

Fabrication Hours Per Unit

Test Items Reduced Full
Model Model
Estimated 80 0 126.16 142.92
Estimated Bl -0.13 -0.12
Estimated 82 -- -0.04
F Ratio 241.27 131.21
F Critical (2, 70) -- 3.15
Statistical Hypothesis 1A -- Reject HO
F Statistic -- 5.58
F Critical (1, 70) -- 4.00
Statistical Hypothesis 1B -- Reject HO
Residual Plot -- Acceptable
KS Statistic -- .13
KS Critical -- .16
Durbin-Watson Statistic -- 1.91
Durbin-wWatson Crit. (du/dL) -- 1.55/1.67
Criterion Test 1A -- Passed
R? (Log) L7753 .789
R? (Actual) .797 .807
Criterion Test 1B -- Passed

Resid. Analysis
Mean = ,926

KS Statistic = .129 < KSC of .159 -~ Normal Distrib,.

Constant Variance - Yes
Autocorr. - No
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or in logarithmic form:

Log (Y,) = Log (By) * 8; + Log (X;) + g, - Log (X;)
where:
Y. = assembly direct labor hours/equivalent units/
accounting month,
X, = cumulative output plot point (cumulative units
at end of accounting month),

X2 = production rate/accounting month.

Model 7. The results o:f Model 7 are contained in

Table 15. Reduced model:

31
Ytst - 30 ) (1
or in logarithmic form:
Log (Ytst) = Log (80) + 31 - Log (Xl)
Full model:
] Bl 82
Yese 80 " X1 7 0 X

or in logarithmic form:
Log (Y,g,) = Log (8,) + 8, - Log (X;) + 8, - Log (X;)

where:
Y = test direct labor hours/equivalent unit/
accounting month,
X = cumulative output plot point (cumulative units
at end of accounting month),

X, = production rate/accounting month.
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TABLE 14
Research Hypothesis One Results
Maverick Model 6
Assembly Hours Per Unit
s o
Estimated 85 901.59 998.02
Estimated Bl -0.30 -0.28
Estimated 82 -- -0.05
F Ratio 777.93 401.41
F Critical (2, 70) . -- 3.15
Statistical Hypothesis 1A -- Reject HO
F Statistic -- 3.00
F Critical (1, 70) -- 4.00
Statistical Hypothesis 1B -- Fail to
Reject HO

Residual Plot -- Acceptable
KS Statistic -- .33
KS Critical -- .16
Durbin-Watson Statistic -- .79

' Durbin-Watson Crit (du/dL) -- 1.55/1.67

. Criterion Test 1A -- Failed

' R? (Log) .916 .920

' R? (Actual) .837 .811

' Criterion Test 1B -- Passed

* Resid. Analysis
Mean = -.482

. KS Statistic = .3271 > KS_ 0f .159 . Not Normal Distrib.

) Constant Variance - Yes

. Autocorr. - Yes
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TABLE 15
Research Hypothesis One Results
Maverick Model 7
Test Hours Per Unit
Reduced Full
Test Item Model Model
Estimated 50 150.84 170.37
Estimated Bl -0.27 -0.22
Estimated 82 -- -0.11
F Ratio 353.26 188.53
F Critical (2,70) -- 3.15
Statistical Hypothesis 1A -- Reject HO
F Statistic -- 4.82
F Critical (1, 70) -- 4.00
Statistical Hypothesis 1B -- Reject HO
Residual Plot -- Acceptable
KS Statistic -- .38
KS Critical -- .16
Durbin-Watson Statistic -- .81
Durbin-Watson Crit. (du/dL) -- 1.55/1.67
Criterion Test 1A - - Failed
9
R“ (Log) .833 .843
R® (Actual) .551 .500
Criterion Test 1B -- Failed
Resid. Analysis
Mean = .68
KS Statistic = .381 > KS_ of .159 <~ Not Normal Distrib
) Constant Variance - MargInal, Slight Pattern
Persistence
. Autocorr. - Yes




Model 8. The results of Model 8 are contained in

Table 16. Reduced model:

or in logarithmic form:

Log (Yt) = Log (Bo) + 81 ° Log (Xl)

Full model:

] or in logarithmic form:

Log (Yt) = Log (BO) + Bl + Log (Xl) + 82 * Log (XZ)
where:

Y, = total direct labor hours/equivalent unit/

accounting month,

Xl = cumulative output plot point (cumulative units
at end of accounting month),

XZ = production rate/accounting month.

Model 9. The results of Model 9 are contained in

Table 17. Reduced model:

_ LB
: You ® 3 X

or in logarithmic form:

?T Log (Ytu) = Log (BO) 8 Log (Xl)
4 Full model:
. B, B2
k Yewu™ 8 “ Y1 T X
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TABLE 16
Research Hypothesis One Results
Maverick Model 8
Total Hours Per Unit
Reduced Full
Test Items Model Model
Estimated 30 735.62 740.27
Estimated 81 -0.21 -0.21
Estimated 52 -- -0.01
F Ratio 854.57 421.59
F Critical (2, 70) -- 3.15
Statistical Hypothesis 1A -- Reject HO
F Statistic -- .05
F Critical (1, 70) -- 4,00
Statistical Hypothesis 1B -- Fail to
Reject H
0
Residual Plot -- Acceptable
KS Statistic -- .33
KS Critical -- .16
Durbin-Watson Statistic -- .63
Durbin-Watson Crit. (du/dL) -- 1.55/1.67
' Criterion Test 1A -- Failed
R% (Log) .923 .923
2
. R® (Actual) .850 .846
. Criterion Test 1B -- Passed
)
Resid. Analysis
\ Mean = -.028
? KS Statistic = .329 > KS_ of .159 ~ Not Normal Distrib
. Constant Variance - Margfnal, slight pattern
P Autocorr. - Yes
(‘
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or in logarithmic form:
Log (Y,,) = Log (8y) + 8, * Log (X;) + 8, - Log (X,)

where:
Y = Unit Index portion of total hours/equivalent
unit/accounting month,
Xl = cumulative output plot point {(cumulative
units at end of accounting month),

X, = production rate/accounting month.

Model 10. The results of Model 10 are contained in

Table 18. Reduced model:

or in logarithmic form:

Log (Y,¢,) = Log (8y) + B8y - Log (Xq)

Full Model:

or in logarithmic form:
Log (Y,.) = Log (8,f + 8, + Log (X,) + 8, - Log (X,)

where:

Y = Standard Hours portion of total direct labor

tsh
hours/equivalent unit/accounting month,

X1 = cumulative output plot point (cumulative units

at end of accounting month,

X, = production rate/accounting month.
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TABLE 17
Research Hypothesis One Results
Maverick Model 9
Unit Index for Total Hours Per Unit
Reduced Full
Test Items Model Model
Estimated BO 36.48 41.03
Estimated Bl -0.19 -0.13
Estimated BZ -- -0.10
F Ratio 399.81 237.82
F Critical (2, 70) -- 3.15
Statistical Hypothesis 1A -- Reject H0
F Statistic -- 12.28
F Critical (1, 70) -- 4.00
Statistical Hypothesis 1B -- Reject HO
i Residual Plot -- Acceptable
KS Statistic -~ .32
KS Critical -- .16
Durbin-Watson Statistic -- .59
Durbin-Watson Crit. (du/dL) -- 1.55/1.67
, Criterion Test 1A -~ Failed -
R? (Log) .849 .872
R? (Actual) .752 .705
’ Criterion Test 1B -- Failed
1
2
Resid. Analysis
v Mean = .081
. KS Statistic = .315 > KSc of .159 .. Not Normal Distrib
! Constant Variance - OK -"Slight Pattern
. 1 Autocorr. - Yes
l,
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TABLE 18
Research Hypothesis One Results
Maverick Model 10
Standard Hours for Total Hours Per Unit
Reduced Full
Test Items Model Model
Estimated 80 78.96 72.36 i
Estimated 81 -0.05 -0.09
Estimated 8, -- 0.08 1
F Ratio 223.84 394.19 H
F Critical (2, 70) -- . 3.15
Statistical Hypothesis 1A -- Reject Ho
F Statistic -- 136.71
F Critical (1, 70) -- 4.00
Statistical Hypothesis 1B -- Reject HO
Residual Plot -- Acceptable
KS Statistic -- .08
KS Critical -- .16
Durbin-Watson Statistic -- 1.66
Durbin-Watson Crit. (du/dL) -- 1.55/1.67
Criterion Test 1A -- Passed
R? (Log) .759 .918
R® (Actual) .752 .912
; Criterion Test 1B -- Passed
. Resid. Analysis
: Mean = .096
! . KS Statistic = .053 < KSC of .159 .~ Normal Distrib.
Constant Variance - Yes ~- Excellent
4 Autocorr. - No
L
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Model 11. The results of Model 11 are contained in

Table 19. Reduced model:

or in logarithmic form:
Log (Yg,) = Log (8y) + 8 - Log (X,)

Full model:

or in logarithmic form:
Log (qu) = Log (60) + 81 *+ Log (Xl) + Bz ° Log (Xz)

where:
qu = Unit Index portion of fabrication direct labor
hours/equivalent unit/accounting month,
Xl = cumulative output plot point (cumulative units
at end of accounting month),

XZ = production rate/accounting month.

Model 12. The results of Model 12 are contained in

Table 20. Reduced model:

or in logarithmic form:

Log (sth) = Log (Bo) + Bl * Log (Xl)

Full model:




TABLE 19

Research Hypothesis One Results

Maverick Model 11

Unit Index for Fabrication Hours Per Unit

Test Items Moder Model
Estimated 89 4.82 6.82
Estimated 8, -0.10 -0.07
Estimated 32 -- -0.11
F Ratio 103.65 114.45
F Critical (2, 70) -- 3.15
Statistical Hypothesis 1A -- Reject HO
F Statistic -- 51.51
F Critical (1, 70) -- 4.00
Statistical Hypothesis 1B -- Reject HO
Residual Plot -- Acceptable
KS Statistic -- .13
KS Critical -~ .16
Durbin-Watson Statistic -- 1.80
Durbin-Watson Crit. (du/dL) -- 1.55/1.67
Criterion Test 1A -- Passed
R? (Log) .593 .766
R® (Actual) .662 .773
Criterion Test 1B -- Passed

Resid. Analysis

Mean = .011
KS Statistic = .126 < KSc of .160 -+ Normal Distrib.
Constant Variance - Yes

Autocorr. - No




or in logarithmic form:

Log (Yg,,) = Log (8y) * 8, + Log (X;) * 8, - Log (X,)

where:
Y = Standard Hours for fabrication direct labor
hours/equivalent unit/accounting month,
X = cumulative output 'plot point (cumulative units
at end of accounting month),

X = production rate/accounting month.

Research Hypothesis One
AnZlysis Summary

The regression analyses and hypotheses testing results
for Maverick shown in Tables 13 through 20 indicate support‘
for research hypothesis one. The eight models exhibited a
strong inverse relationship between the dependent variable and
the independent variables. Each model supported statistical
hypothesis one (A) with ease. The results of testing for
statistical hypothesis one (B) in every model, except Models
6 (assembly) and 8 (Total hours/missile), demonstrated that
the explanatory power added by the production rate variable
was statistically significant at the 0.05 level of signifi-

cance. Only Models 7, 9, and 12 did not have R2

(Actual)

values greater than 0.75 under criterion test one (B).
Notwithstanding these excellent results, only Models

S (fabrication), 10 (standard hours for total hours), and 11

{unit index for fabrication) were found appropriate for the

Maverick data. Model 10 achieved the most spectacular results.
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TABLE 20

Research Hypothesis One Results

Maverick Model 12

Standard Hours for Fabrication Hours Per Unit

Feaes il
Estimated 80 26.25 21.00
Estimated 81 -0.03 -0.05
Estimated 82 -- 0.07
F Ratio 2.58 32.23
F Critical (2, 70) -- 3.15
Statistical Hypothesis 1A -- . Reject HO
F Statistic -- 35.43
F Critical (1, 70) -- 4.00
Statistical Hypothesis 1B -- Reject HO
Residual Plot -- Acceptable
KS Statistic -- .15
KS Critical -- .16
Durbin-Watson Statistic -- 1.80
Durbin-Watson Crit. (du/dL) -- 1.55/1.67
Criterion Test 1A -- Passed
R? (Log) .035 .479
R? (Actual) 027 .463
Criterion Test 1B -- Failed
Resid. Analysis

Mean = .065

KS Statistic = .154 < KS_ of .160 - Normal Distrib.
Constant Variance - Marginal '

Autocorr. - Marginal




The other models either failed the KS test for normality of
residuals, the Durbin-Watson test for autocorrelation of
residuals, the constant variance test, or a combination of
these tests.

In summary, the results supported research hypothesis
one for the Maverick data. All eight models were then tested
for predictive ability under research hypothesis two, with
statistical inference applying only to appropriate models
(Models 5, 10, and 11).

Analysis of Research
Hypothesis Two

The predictive ability analysis of the Maverick models
(Models 5 through 12) was conducted in the same manner as des-
cribed for the SRAM data. The 73 data points in the Maverick
data permitted a more realistic simulation scenario than for
SRAM. The researchers assumed, for purposes of simulation,
that the Maverick program had completed 48 months of produc-
tion and wished to estimate the next 12 months' direct labor
requirements. Data points 49 through 73 were, therefore,
truncated and regression was performed on points 1 through 48
to predict the hours for each of the next 12 months (points
49 through 60).

Research Hvpothesis Two
Analysis Summary

Tables 21 through 28 summarize the predictive abilitv
tests conducted for Models 5 through 12 of the Maverick data.

Since Models 5, 10, and 11 were the only ones found appropr: .’
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TABLE 21
Research Hypothesis Two Results
Maverick Model §

Fabrication Hours Per Unit

Reduced Full
Test Items Model Model
Average absolute deviation 2.26 5.05
Variance 3.19 6.61
Z Test Statistic -- -15.41
Z Criticul -- -1.65
Statistical Hypothesis Two -- Fail to
Reject Ho
Total number of test situations 300 300
Total number of excellent
predictions (within S percent) 145 48
Total number of good predictions
(within 10 percent) 213 94
Criterion Test Two .- Failed

for the data, statistical inferences were made only for them.
Model 10 (Standard Hours portion of total hours) exhibited

the best results. The average absolute deviation of the pre-
dicted values from the actuals for the full model was about
half of that for the reduced model. The full model's superior

predictive ability was found to be statistically significant j
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TABLE 22

Research Hypothesis Two Results
Maverick Model 6

~Assembly Hours Per Unit

Reduced Full
Test Items Model Model
Average absolute deviation 5.98 6.88
Variance 14.35 50.73
Z Test Statistic .- -1.93
Z Critical -- -1.65
Statistical Hypothesis Two -- Fail to
Reject Ho
Total number of test situations 300 300
Total number of excellent
predictions (within 5 percent) 50 79
Total number of good predictions
(within 10 percent) 104 128
Criterion Test Two -- Failed

at the 0.05 level of significance.

It was also found to be

a practical predictor with 192 out of 300 test situations

falling in the good range (within 10 percent).

Meanwhile,

the reduced model had only 8 out of 300 predictions within

10 percent of the actuals. Models S and 11 both found the

better predictor to be the reduced model in terms of
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TABLE 23

Research Hypothesis Two Results
Maverick Model 7
Test Hours Per Unit
Reduced Full
Test Items Model Model
Average absolute deviation 8.92 7.38
Variance 41.46 37.16
Z Test Statistic -- 2.99
Z Critical -- 1.65
Statistical Hypothesis Two -- Reject H0
Total number of test situations 300 300
Total number of excellent ’
predictions (within 5 percent) 99 119
Total number of good predictions
{(within 10 percent) 143 200
Criterion Test Two -- Passed

statistical significance. However, both the reduced and full
models generally did not prove very practical, with few pre-
dictions in the "good" range. The reduced form under Model
5 was the exception, getting half of the predictions in the .
"excellent" range and two-thirds in the "good" range overall.

Several observations are warranted for the models not

82

.
.
- ~ R B Cerp et \J C - PN . -
provren 0 N . _




-—

TABLE 24

Research Hypothesis Two Results

Maverick Model 8

Total Hours Per Unit

Reduced Full
Test Items Model Model
Average absolute deviation 8.92 7.38
Variance 41.46 37.16
Z Test Statistic -- 2.99
Z Critical -- 1.65
Statistical Hypothesis Two -- Reject H
Total number of test situations 300 300
Total number of excellent
predictions (within S percent) 99 119
Total number of good predictions
(within 10 percent) 143 200
Criterion Test Two .- Passed

deemed appropriate under research hypothesis one (Models 6-9

and 12). These observations are presented with caution since

statistical inferences cannot be made with inappropriate

models. However, a model may be statistically inappropriate

but prove to be a good predictor from a practical standpoint.

This was the case for Models 7 (test hours) and 8 (total hours).
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E TABLE 25
i Research Hypothesis Two Results
; Maverick Model 9
Unit Index for Total Hours Per Unit
Reduced Full
: Test Itenms Model Model
B
{ Average absolute deviation 0.60 1.01 .
i
Variance 0.18 0.32
Z Test Statistic -- -9.94
Z Critical -- -1.65
.‘ Statistical Hypothesis Two -- Fail to
i Reject Ho
{ Total number of test situations 300 ' 300
! Total number of excellent
. predictions (within 5 percent) 77 26
o Total number of good predictions
| (within 10 percent) 171 64
A
p Criterion Test Two -- Failed
'
¥
;
x The full form of both models had 119 out of 300 predictions
j’ in the "excellent' range and 200 in the '"good'" range overall.
Y °
[ Six of the eight models consistently demonstrated the full

model to have the better, and more practical, predictive

ability. Consequently, one could not refute the better pre-

i~

dictive ability of the full model from a 'real world,"
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TABLE 26

Research Hypothesis Two Results

Maverick Model 10

Standard Hours for Total Hours Per Unit

Reduced Full
Test Items Model Model
Average absolute deviation 6.86 3.98
Variance 1.42 2.01
Z Test Statistic -- 26.91
Z Critical -- 1.65
Statistical Hypothesis Two .- Reject Ho
Total number of test situations 300 300
Total number of excellent
predictions (within S percent) 0 37
Total number of good predictions
(within 10 percent) 8 192
Criterion Test Two ~- Passed

practical standpoint.

In summary, because of the superior results achieved
by the full form of the model for the appropriate models (5§,
10, and 11) and the better practical predictive ability ex-
hibited by the full form for the remaining inappropriate

models, research hypothesis two was considered supported for
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TABLE 27
i Research Hypothesis Two Results
3 ‘ Maverick Model 11
i Unit Index for Fabrication Hours Per Unit
Reduced Full
Test Items Model Model
.?
% Average absolute deviation 0.28 0.34
‘ Variance 0.02 0.03
Z Test Statistic -- -4.76
Z Critical -- -1.65
“ Statistical Hypothesis Two -- Fail to
’ Reject Ho
Total number of test situations 300 300
Total number of excellent
predictions (within 5 percent) 3 ]
Total number of good
predictions (within 10 percent) 83 53
Criterion Test Two .- Failed

the Maverick data.

Comparative Analysis and Summary

The results of regression analysis on the twelve models
tested revealed marked similarivies and differences between
the SRAM and Maverick data. The common and unique features of

each program are discussed. A summary of the research findings
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. Research Hypothesis Two Results

~

TABLE 28

Maverick Model 12

Standard Hours for Fabrication Hours Per Unit
Reduced Full
Test Items Model Model
Average absolute deviation 2.81 5.55
Variance 0.42 17.77
Z Test Statistic -- -11.12
Z Critical -- -1.65
Statistical Hypothesis Two -- Fail to
Reject Ho
Total number of test situations 300 300
Total number of excellent
predictions (within 5 percent 0 68
Total number of good predictions
(within 10 percent) 31 108
Criterion Test Two -- Passed

Comparative Analysis

The Maverick and SRAM production data exhibited several

common characteristics.

model to the data sets complete Chapter IV.

and evaluation of the applicability of the production rate

Both data sets covered the entire
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commencement of full-scale production to complete or near-
complete phase-down. Both were long-running programs; 42
months for SRAM and 73 months for Maverick. Both production
programs occurred during basically the same time frame, the
mid-1970s. As a result, they both utilized the production
technology and processes prevalent in the industry at that
time. Finally, a most fortunate common feature was meeting
the basic assumptions of learning curve models. Neither
program experienced any significant changes in production
technology, missile design, or accounting procedures.

While the similarities between the two programs en-
hanced the researchers' ability to apply the findings to
missile production programs in general, the differences added
depth to the analysis. One of the primary factors affecting
the outcome of the analysis was the labor/capital mix of the
programs. The SRAM data reflected production operations at
thé Boeing plant, which consisted of minor and major assembly
with very little fabrication. Hence, the SRAM program was
a labor-intensive effort. Conversely, the Maverick program
was characterized by capital-intensive operations; i.e. much
fabrication performed in-house along with assembly and test.
As a result, the SRAM program exhibited generally steeper
slopes for the model coefficients.

Two other differing aspects of the programs were the
production quantities and variation in production rate. SRAM
production was for 1,500 units while Maverick was for about
26,500, One would expect mass production techniques to apply
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to Maverick, with SRAM more toward the batch production metho-
: , dology end of the spectrum. The production rate requirement
‘for SRAM wa§140 units per month throughout the program.
Although plant actuals varied from this goal, a 40-unit
delivery rate was maintained for the bulk of the program. In
contrast, the Maverick program exhibited a much less stable
production rate throughout the program. Because the SRAM
i program had a more stable production rate, one would expect
the contribution of the production rate variable to the explana-
tory ability of the model to be less for SRAM than Maverick.

The analysis supported this intuitive notion and will be dis-

‘ cussed in detail later.

. " Summary

The preceding analyses of the two missile production
programs were based on the methodology and data treatment as

described in Chapter III. As shown in Table 29, five out of

} the twelve models tested were found appropriate for the data,

. Models 1 and 3 for SRAM and 5, 10, and 11 for Maverick. Of

those five, only three (all Maverick models) supported re-
search hypothesis one. The contribution of the production
rate variable to the explanatory ability of the model was
difficult to assess for the SRAM data because of the already
strong relationship between the cumulative output variable

and the direct labor fariable. With R2 (actual) values for

the reduced model already in the high .90s, there was little

room for improvement in spite of the good R2 (actual) values
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TABLE 29

Change In R? (Actual) For All Twelve Models

Tested After Inclusion of Production Rate

AT Y

Model Regzced Fﬁil sR? |

1 (Fab/Assy)* .928 .927 -.001 ;
2 (Maj.Assy) . .996 . 996 .000 %
3 (Total/Act.)* .975 .975 .000 E
4 (Total/Deliv) .938 .944 .006

S (Fab.)* .797 . 807 .010

6 (Assy.) .837 .811 -.026

7 (Test) .551 .500 -.051

8 (Total) .850 .846 -.004

9 (Unit Index Tot) .752 .705 -.047
10 (Std.Hr.Total)* .752 .912 .160
11 (Unit Index Fab)* .662 773 111
12 (Std.Hr. Fab) .027 .463 .436

*These models were found appropriate for the data. All

others were found inappropriate.

for the production rate variable alone (.70s and .80s). In
contrast, the models for the Maverick data revealed that the
production rate variable was an important explainer of vari-
ation in direct labor requirements. R2 (actual) increased

1 percent for Model 5, 16 percent for Model 10, and 11 percent

for Model 11. Other models showed slight decreases in
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Rz (actual) values while Model 12 attained a spectacular in-
crease of 44 percent; however, statistical inferences could
not be made with confidence with these models because they did
not pass the appropriateness tests.

Research hypothesis two was not accepted for the SRAM
data, but was accepted for the Maverick data. The simulation
showed that the appropriate SRAM models (1 and 3) were excel-
lent predictors over the selected range of data points, but
there was no statistical difference between the strength of
the reduced and the full forms of the model. The appropriate
Maverick models (5, 10, and 11) were shown to have varying
predictive abilities. The full form of Model 10 clearly
demonstrated superior predictive capability, both statistically
and practically. On the other hand, Model 5 revealed the
reduced model to be better, while Model 11 produced inconclu-
sive results. The other Maverick models, though not appro-
priate‘for the data, showed the better predictor to be the
full model from a practical standpoint in almost every case.

In summary, the support for research hypothesis two was not
overwhelming, but significant enough to be accepted without
reservation.

A major fin’'ing of the analysis was the smoothing effect
the addition of the production rate variable had on autocorre-
lation of the residuals. A Durbin-Watson statistic was com-
puted for the reduced model, full model, and "production rate
variable alone'" form of the reduced model. Larger values of the

statistic indicated less autocorrelation, and vice-versa.
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As shown in Table 30, the reduced form of all twelve models

has unacceptable or indecisive autocorrelation. The addition
of the production rate variable in the full model significantly
reduced this severe autocorrelation problem, increasing the
number of appropriate models from zero to three and raising
two others into at least the marginal range. The strong
residual smoothing effect of the production rate variable was
clear. When it was substituted for the cumulative output
variable in the reduced form of the model, almost all auto-
correlation disappeared, increasing the number of appropriate
models from zero to nine out of twelve. The decrease in auto-
‘ correlation problems for the full model was attributed to
this phenomenon.
An intriguing discovery by the researchers may explain
why this phenomenon occurred. A widely used method for de-
creasing autocorrelation is the "method of first differences"”

(11:649). The procedure entails taking the "first differences"

of all variables in the model. In other words, for a column
of data listed in time series, subtract the first number in
the column from the second number in the column to compute a
new "first difference'” value. Then proceed down the column
to obtain a new column of '"first difference" transformed num-

bers. This is exactly the way the production rate variable

1i is calculated. The production rate is the '"first difference”
of the cumulative output. For example, if the number of units
( produced the first month is 50, the cumulative output is 50

and the production rate is 50. If 60 more units are produced

92

L

-

A Vg




TABLE 30

Durbin-Watson Statistics

Model Reduced PRODRATE Full
Model Variable Alone Model
1 1.30%* J.11%%% 1.51%=
2 1.07* 2.80%%* 1.14*
3 1.09* 3.22%%2 1.35%%
4 .43% 1.07* .51*
5 1.34* 2.18%*% 1.91%%»
6 .86% 2.24%%% L79%
7 .93 T .80% .81*
8 LO1* .76% .63%
9 .69%* .56%* .59*
10 .23* 1.70%%% 1.66%%*
11 .81% 2.15%*%% 1.80%*%%
12 . . 49* 2.01%%2 1.08*
*Autocorrelation present; statistic less than dL table
values.
**Indecisive; statistic between and d_ table values.
***Neither autocorrelated nor indedisive; statistic greater
than du table values.

the second month, then the cumulative output is 110 and the
production rate for that month is 60. The "first difference"
for the second month would be 110 minus 50, or 60 units. Since
the production rate is the "first difference" of the cumula-

tive output, this may very well explain why the addition of

the production rate to the model significantly reduced the
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severe autocorrelation problems with the reduced form of the
model,.

Another observation concerned the sensitivity of the
regression coefficients, as summarized in Table 31. For all
twelve models tested the mean change in 8o from the reduced
to the full model was about 12 percent with a 10 percent stan-
dard deviation. The B1 coefficients reflected even more vari-
ability with a mean change of about 18 percent and standard
deviation of 20 percent. These results indicated that even
within a particular program, the coefficients were sensitive.
This sensitivity suggests that development of general cost
models using coefficients derived from several ﬁissile produc-
tion programs is inappropriate.

An interesting sidelight of the research was the par-
titioning of the Maverick direct labor data into two compon-
ents, the Unit Index (labor improvement) and Standard Hours
(methods improvement). Tables 29‘and 30, shown earlier, do
not indicate any significant trends or differences for the
two categories in the respective models (2 through 12).

Table 31 does point out a pattern in the slope of the coeffi-
cients. The Unit Index coefficients (Models 9 and 11) con-
sistently demonstrated much steeper slopes than the Standard
Hours (Models 10 and 12). This indicated that more of the
learning improvement was due to labor learning than methods
improvement.

The analysis of the SRAM and Maverick production pro-

grams thus met the objectives of the research in determining
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TABLE 31

Model Coefficient Variability

8 By, A8, 8, 8, 48, 8
Model  peduced Full ($) Reduced Full (%) 2
1 1775 1882 6 -.20 -.19 -5 -.04
2 1863 1890 1.4  -.39  -.39 0 -.01
3 3367 3521 4.6  -.26  -.25 ~-3.8 -.03
4 3185 3615 13.5  -.25  -.24 -4  -.06
5 126 143 13.4  -.13  -.12 -7.7 -.04
6 902 998 10.6  -.30  -.28 -6.6 -.0S
7 151 170 12.6  -.27  -.22 -18.5 -.1l
8 735 740 5 -.21  -.21 0 -.01
9 37 41 10.8  -.19  -.13 -31.6 -.10
10 79 72 -8.9  -.05  -.09 44.4 .08
11 4.8 6.8 41.7  -.10  -.07 -30.0 -.11
12 26 21 -19.2  -.03  -.05 66.6 .07
Mean AB- 11.93 18.18
Std. Dev. - 10.36 20.08

the effect of production rate variation on direct labor require-
ments for missile production as well as evaluating the predic-
tive ability of the cumulative production and production rate
model. Of the two programs analyzed, only the Maverick program

passed all tests,
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CHAPTER V
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Air Force managers attempting to plan the acquisition,
operation, and maintenance of major weapon systems face an
increasing array of obstacles. Inflation, spiraling cost of
energy, questionable availability of energy, increased foreign
competition, and international political instability have
created a great deal of uncertainty. While the task has per-
haps never been more difficult than now, the need for accurate
cost estimating is obvious. Without accurate cost predictions,
effective budgeting is severely hampered.

One of the most significant cost elements in a major
system acquisition is direct labor. Experience has shown
that direct labor costs are most often estimated using learn-

ing curve techniques.

Summary

Literature Review

Learning curve models were in use as early as the 1920s.
Widespread interest was generated as a result of the aerospace
industry's experience during World War II. Since then, numer- |

ous variations of the basic learning curve model have been

investigated. With budgetary and political controls causing

program accelerations and decelerations, the variation that
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has much promise for DOD application is the model that con-
siders the effect of production rate variatioms.

As Chapter II indicated, most of the research on the
effect of production rate changes concluded that production
rate is a significant determinant of direct labor costs.
Several years ago, Smith developed a learning curve model
that included a production rate variable. The model was
tested on DOD airframe programs and yielded promising results.
Since then, Smith's model has been applied to other airframe
programs, avionics, engines, and has now been extended to air-

launched missiles.

The Model
The production rate model, which Smith called the full

model, is presented as follows:

8 Bz

Y=B8_ X . 10°

0
where the variables, in general terms, are described as
follows:

Y represents direct labor hours,

xl represents cumulative output,

X2 represents the production rate,
represents the variation which remains unexplained
by the variables in the model, and

Bo,Bl,B2 are regression coefficients.

To facilitate regression analysis, the model is linearized

using logarithms as follows:
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Log Y = Log B * By Log Xl + 8, Log Xz + e

The reduced model referred to in this research is simply the
basic learning curve model. It is identical to the full model,
before and after logarithmic transformation, except that the
reduced model does not include the production rate variable

(6:89).

Research Objectives

As stated in Chapter I, the three objectives of this
research were: 1) to determine how changes in the production
rate affect total direct labor hour requirements per missile,
2) to determine how the full model compares with the reduced
model as a predictor of direct labor hour requirements for
continuing missile production, and 3) to determine if Smith's

model is applicable to missile production.

Methodology
Linear regression analysis of the logarithmic forms of

the full and reduced models was employed to achieve the re-
search objectives. Data were obtained from two missile pro-
duction programs, SRAM and Maverick. As in previous research,
the data from each program required individual treatment. Data
treatment is described in Chapter III. Twelve specific models
were developed and then statistically analyzed under the re-
search hypotheses.

Research hypothesis one stated that the production rate

explains a significant amount of the variation in direct labor
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requirements for missile production. Two statistical tests
and two criterion tests were employed respectively. The first
statistical test was an F-test to determine if a relationship
existed between the dependent variable (labor hours) and the
independent variables (cumﬁlative output and production rate).
The second statistical test was another F-test to determine
the production rate variable's ability, when combined with the
cumulative output variable, to explain additional variation in
the dependent variable,

The first criterion test then evaluated the error terms
in the model for constant variance, independence, and normal
distribution. The second criterion test required Rz (actual)
to be greater than or equal to .75, an arbitrary measure of
the model's ability to explain a sufficient amount of varia-
tion in the dependent variable (6:91). Any model that passed
both statistical and both criterion tests was considered
appropriate for further testing under research hypothesis two.

Research hypothesis two stated that the production rate
model predicts direct labor requirements better than the basic
learning curve model. One statistical test and one criterion
test were used to evaluate this hypothesis. A stepwise trun-
cation procedure was employed to simulate the model's ability
to predict direct labor requirements for the next 12 months.
The last 12 data points (months) were omitted and then pre-
dicted using the simulation procedure. The statistical test
consisted of a t-test or a Z-test to determine if the average
absolute deviation of the full model was significantly less
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than that of the reduced model over the 12-month interval. The

criterion test compared predicted values to the actual observed
values and classified the deviations into categories. Thus,
E a practical measure of the amount of deviation in both the
full and reduced models was achieved.

Research objective three (determine if Smith's model
applies to missiles) was subjectively evaluated using the
results of the hypothesis testing for all 12 models developed

from the data.
Conclusions

The three primary conclusions of this research relate

directly to the research objectives. First, the production

rate was found to explain a significant amount of variation

in direct labor hours in nine of the twelve models examined.

Of these nine, only five cases were found appropriate for the
data. Three of the twelve cases passed all tests in support
of research hypothesis one. While not all cases supported
the first research objective, enough support was evident to
conclude that the production rate variable should be con-
sidered when evaluating missile production programs.

Second, the results of the predictive ability compari-
son were mixed. The predictive ability of the full model was
excellent for all four SRAM cases. However, the predictive

ability of the reduced model was approximately equal because

of the overwhelming effect of the cumulative output variable
in the SRAM program. Five of the eight Maverick cases clearly
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showed that the full model predicted direct labour require-

i : ments better than the reduced model. Of the three Maverick

. cases that were statistically appropriate under research
hypothesis one, one case showed superior results for the full
model, one case showed the reduced model to be a better pre-
dictor, and one case was inconclusive. Results for the
second research objective indicate that the superiority of
the full model for prediction depends on the particular pro-
gram and circumstances. The beauty of Smith's model is that
the user is given an indication of how well the model is likely
to predict in a given situation without having to actually wa}t

! a year to determine the outcome.

Third, as a result of the hypothesis testing, the authors
have concluded that Smith's model has widespread potential for
missile production programs and merits additional study. Fur-
ther, this research represents the fifth application of Smith's
‘ model to various aspects of DOD aerospace programs. All five

research efforts have yielded positive results in at least

part of the programs selected for study. Table 32 summarizes

the general areas that have been investigated, and shows the

e 4

average increase in the amount of direct labor variation

- -
P

explained by using the full model. In every case, additional

variation has been explained (the average increase in explained

——

variation over all five studies was 11.3 percent).

An 11 percent improvement in the accuracy of labor

-~
T nl -

estimates could result in substantial savings on large-dollar

[ ]
38

programs. An added benefit could be enhanced credibility for
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! TABLE 32

All Research Programs Using

Mean (Average) Changes in RZ (Actual) For

Smith's Production Rate Model

Agga Researchers Rév§§:3§1 R%v:Z:ﬁzl AveEage

Application Reduced Full AR
Airframes Smith -.818 .916 .098
Airframes Congleton/Kinton .912 .953 .041
Avionics  Stevens/Thomerson  .491 773 .282
Engines Crozier/McGann .402 .496 .094

. Missiles Allen/Farr .755% .805 .050

i

DOD personnel who must present budgetary requirements to Con-

gress. In any event, these initial successes justify the

application of Smith's model to other systems and subsystems

in the aerospace industry. Three additional conclusions

Additional Conclusions

As in all previous research, the regression coefficients

month to month within the same program.

tion programs.
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resulted from this research and are discussed next.

model cannot be developed that applies to all missile produc-

developed through regression analysis for a particular data
set were unique to that data set. The coefficients are sensi-
tive to almost any kind of change in a program, even from

Therefore, a general




As described in Chapter 1V, the addition of the ?
production rate variable tended to smooth any autocorrelation

that was present in the data. This phenomenon occurs because \

the production rate is in effect the "first difference" of
the cumulative output. This smoothing effect adds a distinct
advantage to the full model.

Finally, several of the cases studied during this re-
search yielded models that were statistically inappropriate
for the data. Whenever a user encounters this predicament,
alternative methods of estimating should not be forgotten.
Exponential smoothing, moving averages, and trend analysis
are examples of estimating techniques that can be performed

easily with a hand calculator.

Recommendations

The production rate model is available to users in the

——

Copper Impact Library under the file name PRODRATE. With the

model available and substantial success in five research

@ efforts, the Air Force should emphasize use of the model on

: actual production programs. The model has potential applica-

;; tion anywhere that learning curve theory applies.

! A related recommendation is that a checklist guide to -
; the practical use of the model be developed. Such a guide

would encourage use of the model by those who are uneasy with

statistics and the seeming complexity of the model.

VL

-~

Finally, further research efforts are recommended for

L]
A e

other major aerospace systems and subsystems. For instance, 1
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this research investigated air-launched missiles built with
the early 1970's technology. Other applications might include

ground- and sea-launched missiles as well as other air-launched

missiles produced with more recent technology.




APPENDIX

THE COMPUTER PROGRAM PRODRATE
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This appendix is made up of three sections. The first
section describes how the computer program PRODRATE works and
the improvements made by the authors. The second section
lists the revised program in its entirety. Finally, the

third section presents a sample run of simulated test data.

The PRODRATE Program and the Improvements

Numerous muitiple linear regression programs containing
a wide variety of options were available for this research.
As in the previous research efforts by Smith and the others
that followed (reference Chapter II), the computer program
written by Smith (15:147-153) proved to be the best tool for
accomplishing the research objectives. Most regression com-
puter programs calculated the customary RZ values, coefficients,
and other regression statistics, but did not provide an assess-
ment of model predictability, which was one of the primary
areas of interest. PRODRATE contained a user option that
printed a listing of actual direct labor requirements, pre-
dicted direct labor requirements, the resulting residuals,
and statistics for predictability comparisons. This feature
was unique and was one the authors found unavailable elsewhere.

Notwithstanding the desirable characteristics of
PRODRATE, it did have several undesirable ones. Stevens and
Thomerson modified the program extensively (16:109-142) to

make it more usable for cost analysts using the COPPER IMPACT
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computer system.3 Their improvements greatly enhanced the
program's overall usability, but left several serious draw-
backs unchanged. Residual analysis for model appropriateness
is essential for multiple linear regression analysis. The
revised version of PRODRATE had no such analysis capability,
forcing the user to rely on subjective, manual analysis or
computer programs on other systems. As a result, much addi-
tional time and effort had to be expended doing manual plots
or duplicating data bases for use on other computer systems.
Other drawbacks included long, more expensive running time
and a need for more program output flexibility.

Because of these undesirable features, the authors,
with the assistance of Captain Tom Sandman of the Continuing
Education Department in the AFIT School of Systems and Logis-
tics, modified the PRODRATE program to gdd residual analysis
statistics, improve running time, and increase program
usability. These changes definitely saved considerable time
and effort in conducting the research and will, hopefully,
do the same for future PRODRATE users.

Before the specific program improvements can be
addressed, a description of what the program does is in order,
Stevens and Thomerson described how PRODRATE works in the -

following manner:

3COPPER IMPACT is the project name of an Air Force pro-
gram to Improve Modern Pricing And Costing Techniques in the
contracting process. The time-sSharing computer system is
designated by the same name, COPPER IMPACT, and is currently
governrent-leased from General Electric.
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The program reads the input data from any file
specified by the user. Instructions on how to build a
data file are available in the program. This feature
allows the user to change the form of the model (e.g.,
unit curve, cumulative curve, total cost curve) simply by
making the necessary modifications to the data base. In
addition, an option within the program allows the user to
list the input data as they were read from the data file
and converted to logarithms.

Analysis of the data is begun by calculating and
printing the Pearson correlation coefficients of the

. three variables: direct labor requirements, cumulative
R production, and production rate. Log-linear regression

is first performed between the direct labor requirements
(dependent) variable and the cumulative production
(independent) variable. Finally the dependent variable
is regressed against both independent variables simul-
taneously.

In presenting the results of each of these three
regressions, the program prints a listing of the actual
direct labor requirements, the predicted direct labor
requirements, and the residuals. This feature of
PRODRATE is one the authors found unavailable elsewhere.
The obvious advantage is that the user can relate the
results to the original untransformed variable (rational
numbers, not logarithms) and see how well the untrans-
formed data fit the model.

Following the listing of the residuals, summary
statistics are printed for each model. They include the
values for the coefficients (exponents), standard errors,
F ratios, R2, R? (actual), and learning factor. Two
selective options for which additional printouts are
available are the Predictive Ability Tests and the
Projection and Sensitivity Matrix. For a quick-look

‘ analysis of several different models, the program can

. be preset to stop after three regression analyses by
not selecting the additional options.

The Predictive Ability Test option permits the user 1
to select the number of data points (cases) to be :
truncated during the test and thus, control the time
span over which the test is conducted. The test is per-
formed using nested DO loops to perform a stepwise
truncation of the data points. The truncated data is
then predicted using the regression results of the re-
maining data. After all truncated cases have been
predicted and results printed, a summary table is printed.
This summary table contains data on statistical signifi-
cance and permits subjective comparisons of the accuracy
of predictions made by the full and reduced models. . . .

The Projection and Sensitivity Matrix option of
$ program PRODRATE provides the cost and price analyst with
a means of predicting direct labor requirements at vary-
ing production rates. This option also permits the user

>~ g
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; to see the sensitivity of the direct labor requirements

: to changes in production rate over a wide range of cumu-
lative production. The last observed values for cumula-
tive production and the production rate are used as the
starting point for this projection. The cumulative pro-
duction variable is increased by increments of 1 percent
of the last observed value, while the production rate
variable begins at 70 percent of the last observed value
and is increased by 10 percent increments until it reaches
150 percent of the last observed value,

These projections are printed in matrix form with the
projected production rates printed across the top of the
matrix and the projected cumulative production plot
points printed along the left margin of the matrix.
Projected direct labor requirements can then be read
directly from the matrix by matching a given production
rate with a given number of cumulative units. The value
for direct labor requirements is found at the intersec-
tion of the corresponding row and column.

In summary, therefore, the program PRODRATE is a
modified version of Smith's FORTRAN IV program. Like %
Smith's program, PRODRATE converts the input data to
logarithms prior to regression. In addition, PRODRATE
permits the user to automatically receive or decline '
either or both of the options for Predictive Ability
Tests and Projection and Sensitivity Matrices. For the
analyst who is accustomed to working with the learning
curve model, the program PRODRATE quickly shows whether
the production rate variable is significant and the I
effect it has on estimating direct labor requirements. !
The authors believe the program PRODRATE can be a very
useful tool for the government cost and price analyst
[16:110-114].

Having described how the basic PRODRATE program works,
the improvements made by the authors can now be addressed.
As mentioned earlier, the modifications were made to accom-
plish three objectives: provide statistics to determine
appropriateness of the regression models, reduce expensive
run-time, and increase program usability. How these objectives
were accomplished will now be discussed.

As stated in Chapter III, each regression model had to

satisfy three assumptions to be deemed appropriate for the
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data and valid for statistical inference. The residuals had
to be normally distributed, have a constant variance, and be
statistically independent. The PRODRATE program had no built-
in tests for these assumptions, but the COPPER IMPACT system
library did. The library contained a statistical package
called STATII***, which possessed the necessary residual test-
ing capability. However, PRODRATE did not store the model
residuals for analysis by other computer programs. The
authors modified PRODRATE to store the computed residuals
and fitted dependent variable values for each model, thus
making possible the use of the powerful STATII*** package.
The STATII*** package contained a routine called
STAT1 that computed a Kolmogorov-Smirnov (KS) statistic for
determining if a population was normally distributed. The
authors ran the stored residual values from each PRODRATE-
generated model through the STAT1 routine to obtain the KS
statistic used in the KS test for normality of the residuals.
The constant variance assumption was evaluated using
the Plot routine under STATII***, Similar to the methodology
used in the KS test, the stored residuals were plotted (by
the computer) versus the stored fitted dependent variable
values for each model run through PRODRATE. The authors were
then able to ascertain by subjective analysis if the plot
demonstrated a reasonably constant, random variance with no
noticeable persistence.

The STATII*** system also contained a Durbin-Watson

test capability for independence of the residuals. However,
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the test was buried in an expensive multiple regression

L e e e m——

routine. Since the test procedure was relatively simple to
program, the authors chose to modify PRODRATE to compute a
Durbin-Watson statistic for each model. This approach
avoided the need for costly computer time under STATII###
and gave PRODRATE a built-in capability to test for autocor-
relation at a much lower cost.

'These modifications to PRODRATE to store computed
residuals with fitted dependent variable values and provide

Durbin-Watson statistics greatly facilitated the research.

They permitted use of a powerful statistical package on the
same computer system as PRODRATE and provided a residual
analysis capability in PRODRATE itself, which was not possible
before. These improvements eliminated the need for tedious

manual analysis and/or time-consuming transfer of raw regres-

sion data files to other computer systems.
Several PRODRATE modifications were made to decrease

run-time and increase model flexibility. The specific changes

included transformation of the program from FORTRAN IV into
machine-readable code, addition of an option to suppress the
full printout, and an option for more detailed specification
of truncation parameters in the short-range prediction routine.
Each of these refinements will be discussed separately.

Because the basic version of PRODRATE was stored in the
COPPER IMPACT system in FORTRAN IV language instead of machine
language, users were being charged for compilation each time
the program was run. They also had a short waiting period for
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program execution while the program was being compiled. By
transforming PRODRATE into a machine-executable form, these
unnecessary charges and delays were eliminated.

As described earlier, PRODRATE prints the observed,
predicted, and residual values for each model in the run. It
also prints a detailed series of matrices under the short-
range prediction option. One complete run of PRODRATE with
this printout format takes about 35 minutes. The authors
found this level of printout detail often unnecessary.
Therefore, an option was added to the program for the user to
elect a full or abbreviated printout. The abbreviated version
eliminated listing of observed, predicted, and residual values
as well as the intervening prediction matrices. When the
abbreviated format was used, the run-time was reduced from 35
minutes to 3 minutes. Only the key summary tables were printed
with a reduction of printouts from approximately ten pages to
one page. The time and computer cost savings are obvious.

The last section of this appendix shows comparative outputs
of the full and abbreviated formats.

The short-range prediction option lacked the needed
flexibility for the prediction simulation used in the research.
As described in Chapters III and IV, the objective was to simu-
late '""real world" use of PRODRATE. Many users are a number of
months into production and wish to forecast direct IaSor
requirements for the next fiscal year. The basic version of
PRODRATE allowed simulation only at the end of the production

program (where ''toe-up" often occurs), and had no capability
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to simulate a period earlier in production. As a result, the
authors added an option for the user to specify the simulated
time period anywhere in the last half of the production pro-
gram. This feature added the needed flexibility to meet user
needs.

In summary, the revised version of PRODRATE developed
in this research significantly reduced user costs and program
usability. PRODRATE users can now perform essential residual
analysis with the additional PRODRATE statistics and the

statistical packages already in the COPPER IMPACT system. In

addition, several options are now available to drastically

decrease run-time and increase the usability of the predic-

tion routines.

Listing of the Revised PRODRATE Program

This section lists the computer program PRODRATE in
its entirety. The original program was developed by Lt. Col.
Larry L. Smith, and later modified by Capt. David Y. Stevens.
The version listed incorporates the original program and all
modifications, including those added by this research. The
actual program used during this research is the program

presented in this section.
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3299 IF(MNS(3) .E0.°TES™)CO TO 3829
300 PRINT 828 .
3310 920 FORMAT(//12,7S("v*) /11X, "RESULTS OF RECRESSION ON PRODUCTION RATE VARIABLE ALOME™)
3328 CO 10 3844
3338 3829 PRINT 82
U 92 FORMAT(1Xs75("9%)+ /411X, "RESULTS OF RECRESSION ON PROBUCTION®»
® RATE VARTABLE ALONE™: /¢ 1Xe 7S (9% o/ 1112 "CASE™» 31+ *OBSERVED" S+
“PREDICTED™»ST»"RESIOUAL" ST+ "*T DEVIATION®)
3370 3848 D0 111 1s1,MCASES
THATL = 36 + 82 & J2UD)
RESIDL = Y(I) - THATL
SSELZ = SSEL2 + RESIDL #2
SSTOLZ = SSTOLZ ¢ (Y(I) - YBAR) &0 2
THAT = 16 & THATL
RESIB(I) = HRS(I) - THAT
PERCENT= (RESID(I)/ WRS(I)) ¢ 18§
§SEZ = SSE2 # RESIO(I1Iee2
§STO2 = SSTO2 + (HRS(T) - HASBAR) ® 2
3476 \RITE ("REDHOURS™ + 28) THAT (RESIN(T)
86 IF(ANS(3).£0."M0")60 TO L13
kL PRINT 88+1,HRSCI) ¢ THAT/RESID(I) + PERCENT
3560 111 CONTINGE
3585 CLOSE (FILEs 'REDHOURS?)
3516 CALL SYSTEM('/SORT+e REDHOURSIREDCURVE; ZR8S-10-2" 143340)
3520 00 3314 Ls1,MCASES
3538 READ(’REDNCURVE? 19) THAT, RESIO(T)
3531 SUNRESID=SUMRESIUHRESID(I) 002
3548 IF(1.CT.0)
3350 RESIDIFSRESIDCI)-RESIDII-1)
3568 RESIDIF2:RESIDIF#s2
3576 RESIDISIM=RESIOSUNRESIDIF2
359 ENIF
2608 3314 CONTINVE
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3410 DUSTATSRESIOSUN/SIMRESTD

3428 SNRESIR=RESIOSINe¢

OO0 323a80828808308035080808038800803088350803208280008888002802820838858883288328828233223838228233383
340C  CALCULATE AND PRINT STATISTICS FOR THE REDUCED HRS VS RATE MOOEL

IS0 3238032088308 830s208033230882838282850838883308808883228238333332288888233332823283888381213

3640 3340 THSRL=(SSTOL2-SSEL2)

376 THSEL = SSELZ / W6FD

3N SEE = SORT(TNSEL)

AU VARSS = SEE / (1 / NCASES + XZBAR ¥ 2/ (SSI2 - (SWMIZ 4% 2 / RCASES)))
e SEM = SQRT (VARDS)

mns SEBZ = SEE / (SQAT (SSIZ - (SUMIZ & 2 / NCASESH))

k1L RSQLZ + (SSTOLZ - SSELZ) / SSTM2

e RSGAZ = (SST02- $SE2) / SSTOR2

N4 FRATIO= THSAL / TWSEL
e PRINT 83488:SED6+AD 182, SERZ RSALZ) SEE » TSEL « THSAL  FRATI0» MBFD)RSOAZ  BUSTAT
3748 &3 FORNAT(1X7S("**)/1I"THE EOUATION FOR THIS MQOEL 1S3 *
THAY = 36 ¢ 12 & 2% /vil
TN LOC FORRN TRIS MO0EL DECOMES: LOG(THAT) = LOG(BE) ¢ B2 ¢ LOGIIZI™,
/o12r"UHERE? LOG(B) *+FR.5+41,"STD ERROR =*:F0.5+41:°2 +*/F11. 5
1013%0"82 +*/F8.50414°STD ERROR 3*1F0.5»
11122 *SIRMARY STATISTICS:":/ 01X,
W "R SQUARED LOG  »*+F7.50101,"STD ERROR EST s*:Fl1l.4e/¢1ls
BN *RSE®) 130" =" 1F9 . 5081 "NSR"1 11X ¢ 3"+ F 9. 50 /0 114
NN *F RATEO"o9Xo"2"1F9.4+8%¢"D. F. (N/D) = 1/*:[34/480s
0S¢ "R SQUARED ACTUALs"F7.5/11"DURBIN-UATSON STATISTIC="F9.5/1175(%#*) )
kT O I TR i R b R R R e L R R E iRt b e iR taRtstidttsistitititssisittstittittstsl
3976C  CALCULATE AND PRINT THE RECRESSION RESULTS FOR THE FULL MODEL
IO st e oIt IIIIIIRIIILLIILLILLNIISL
DEMOR = ((SS1-T1BARGSUMEL}#(SSYZ-I2BARNSUNIZ) ~ {(SMILX2-11BAR#SURI2)#Z)
§1 2 ({SSI2-I2PARSSUNIZ) #(SUNK1T-X1BARISURT) -
k)1 (SHX112-11BAROSUNTZ) # (SUNXZT-IZBARESUNT) ) /0ENON
B2 = ((SSI1-K1BARSSUNI1) #(SUNXZT-IZDARSSUNYI -
(SHXIX2-X1BARISUNXZ) & (SUNT1Y-K1BARSSUNT) ) /DENON
B8 = TBAR-S15L13AR-820 108
AR = 15,0009
(NS (3) .EQ, “TES™1C0 TO 4328
NT 848
FORMAT (7/1o73("#*)/41+"RESULTS OF CONDINED CUMULATIVE PROGUCTION AXD PROSUCTION RATE MODEL™)
T0 4346 .
PRINT 84
84 FORMAT(1X¢75( %) /441, RESULTS OF COMBINED CUMNRATIVE PRODUCTION®,
* NID PROBUCTION RATE MODEL"™:/¢119754"9) ¢/ 111 CASE™ 131, “OBSERVED® ¢ SX¢
0N “PREDICTED"»SX¢ "RESIONAL" 1 S1¢"T DEVIATION")
4048 4348 00 112 1s1,NCASES
L THATL = B + D1 & IS(I) + 82 & 22(D)
RESIMLs T(I) - THATL
SSEL = SSEL + RESIDL # 2
SSTOL = SSTAR + (V(I) - TOAR) #0 2
THAT = 1§ & TRATL
He RESIR(I)= HRS(I) - VHAY
"o PERCENTs (RESID(I)/ HRS(I)) ® (0
L1 SSE = SSE + RESININe0 2

HHEE

R ELLEIL
§BE3S
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0y SSTO + SSTO + (MRSUI) - HRSBAR) 40 2

4140 URTTE {"FULLMODL" y20) THAT.RESIDIIT)

4150 IF(ANG(3).EQ."N0"1C0 TO 112

e PRINT 801 1+HRS(1) » THAT/RESIBT) + PERCENT

Q07 112 CoNTImE

4475 CLOSE(FILE="FULLNOOL'}

4108 CALL SYSTEN(’/SORTee FULLNGILIFULCURVE: ZR81-15-2"1638%)
4199 00 3844 [e1,NCASES

4200 READUFULCURVE! »#) THATRESI0(T)

A1 SIRESID=SUNRESTOHRESID( 11802

10 IF.CT.10

4220 RESIDIFRESIDAI)-RESIMI-1)

4230 RESIDIFZ=RESIDIFeed

4240 RESIDSUNSRESIDSUMHRESIDIF2

4260 DOIF

4279 3864 CONTIE

4200 INSTAT=RESTOSUI/SUMESTD

4290 SUMRES1D=RESIDSUN=¢

4300C  CALCOLATE AND PRINT STATISTICS FOR THE FULL MOBEL
Q31003881382 2283832022888058082388280888838802250322223333081333208883823228222382233228222122823323311313
Q320C33832333883313230288202230081888808883003883233883388802883083832022008332320228322028838232882388218

4330 36% KOFDNCASES-3

o THSRL = (SSTOL - SSEL) / 2

oS TRSEL « SSEL / NOFD

o SEE  + SORTTASEL)

on WAL = NCASESH(SSI3 # SSIZ - SWRLIZ #0 2) - SUNTIS(SUNIY o SSI2 -
o SVILIZ & SUNIZ) » SUNIZO(SUNTY # SNTLIZ - SSEI o SUM2)
) WAL = (SSI1 ¢ SSI2 - SNISZ 4% 2) / VAL

" VARDS = TNSEL ¢ AVAL

“ie SEM o SORT (VARD) _

" SEM = SGRTIITMSEL ¥ (SSEZ - 1ZAR ¢ SUNXZ) / DEWON)

MU SERZ o SORTU(TNSEL o (SST1 - SLBAR o SUNEL)) / DENON)

“we RS@L = (SSTOL - SSEL) / SSTOL

us RSOA = (SSTO - SSE) / SSTO

wie FRATIO= THSRL /TNSE.

un FMt = (RSQL - RSQL2) / ((1 - ASQL) / (NCASES - 3

us FBZ = (RSAL - RSQLI} / ({1 - RSQL) / (NCASES - I

" PRINT 85+08+SEDS+ARS1 81, SEBL 1FO1+ B2/ SEDL) FUZ1RSQL o SEE» THSEL s TRSRL ) FRATIO NOFD RSOA« DUSTAT
G0 83 FORMAT(1X,75("9%)+/+1X,"THE EQUATION FOR THIS MODEL IS: *»

$ie * THAT = B8 & 11 #0 B1 # X2 «882%/91Xs

520¢ *IN LOC FORM THIS MOOEL BECOMES: LOG(YHAT) = LOG(BS) + 81 ¢ LOCIXL) + B2 ¢ LOG(X2)™)

(L ) Jo11e™HERE? LOC(DS) »°:F8.304X+"STD ERROR s°/F8. e 4l B8 o*eFL11. 50

SR 7e1300"81 %10 514%»"STD ERROR o2:£9.5041,"F8 2 ,F1f.00/y

550 130¢"82 «*1FR. 5042, "STD ERROR ”1F0.504%1"F0 «*110. 0o/ 2 iks

L SSUKMARY STATISTICS:®+/¢11:"R SQUARED LOC  */F7.5:181,

SR “STH ERROR EST =*+F11.4e/ o150 RSE™ 1300 2% 1F9.5¢8X ¢ *NSR® ¢ 11X¢"2*1F9. 50/ 0 1Ls

S “F RATIO®9%0"="F0.4e00:"D. F. (WD) s 2% (30/41Ls

45 "R SOUARED ACTUAL="F7.5/11"DURBIN-UATSON STATISTICS"F9.4/1X75("¥))

Q4000000000 000 000000000 L MMM N H MO H L N A M IS NS I N AN
Hic

:g PART I - PREBICTIVE ABILITY TEST orTION

0300000000 e 09 S000000000000000 0000000 000000000 PR SR 0O H NN NN IS NN
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o L d

e

us IF (ANSHER(3) .EQ.”"W8"™) €0 TO 116
40 TF(NIE(D) EQ. "NO™)PRINT 4173
441 TTAMCSNCASES-TTRUNC L
470 ITOEUPsNCASES-1TOEUP+t
408 00 113 [=(TOEUP . JTRUNC
uy JTEST = NCASES ¢ | - |
4708 A173 FORMAT(//)
4719 1F(ANS13) .E0."N0")C0 TO 4998
L1y ) PRINT 26+ ITEST,HRSUITESD)
AT S0 FORMAT(1Xo216070%) 9/ 9119937, “SHORTRANGE PREBICTIVE ABILITY *y
74 TCONPARISONT 1 370 °#%5 /o L1 e *8%s 11+
158 "THE DATA PRESENTED BELON IS FOR CASE #™¢13:* WMICH WAS AN OBSERVED®.
R ® VALUE OF3°0F9.2:1610"8": /s
Lo 116 (#*) o /119" 13X #7131, "0 1, "REDUCED (LEARNING CURVE] *»
“NODEL" 181 +*#4°¢31,°FULL (CIRRALATIVE PRODUCTION C PROBUCTION RATE) .
SMOBEL" 1 210" ¥* o /o 11+°¢®)* CASES o 108("1")o/o11s"8 USED ¢ K
“PREBICTION # T DEVIATION ¢ EST B o EST Ot = % )
"PREDICTION & T DEVIATION ¢ EST B§ ¢ EST 81 o EST X o%
11150 1151%9"))
A998 00 114 Jo1» ITRIMC
TCASES = ITEST - J
QMY -4
SNl s ¢
SN2 = ¢
$SI1 ¢
12 o
SUMILY = @
SNILY = 8
" M2 = #
"3 DO (13 Kel,ICASES
" SUNY = SUNY + YUO
95 SUNIL = SUNXE ¢ 21IK)
e SINIZ = SUMX2 # 12(0)
" SSI1 = GSX1 ¢ ILiK) e0 2
L ) SSIZ = SSI2 # T2(N) e 2
" SURKLY = SUMILY + 12K ¢ 1O
08 SUMIZT = SUNIZY # I2MK) # TIK)
et SNI1IZ = SHX1XZ + I1(K) & I2(K)
6 113 COMTIME
b < TCOUNTA = ICOUNTA +
e TR = SUNY / [CASES

2ggsegis

") TIDAR + SUNT1 / TCASES

40 1280 = SUMI2 / ICMGES L

S8 B (SUNIIT - ((SURTS S S 7 TCASES)) 7 TSRIT - (UL a6 2 7 1ORes)

e MR s TIAR - BIR ¢ I1DOMR

" SR s 10w

st TMTR = 16 oo (BOR + BIR ¢ ZLIITESTY) - u
s VR = HRS(ITEST) - THATR

1 MEVR(ICOVNTA) = ABS(DEVR)

e SUABEVR * SURADEVR + ABEVR(TCOUNTA)
1 PIEVR = 100 ¢ JEWR/WRS(ITEST)
N NI » ASS(PIEW)
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IF (APDEWR.CT.10.9) GO T8 20t

TCOUNTCR = ICOUNTCR » |

IF (APBEW.CT.S.00 GO Te 20t

ICOUNTER = ICOUNTER + 1

s {(8811-10ARSSUNT1)8(SST2-T2BARSSUNEZ) - (SNILIZ-IIDARSSUNIZ)SeZ)

MF = ((SS12-12BARRSUNTZ) #(SUNTIT-K1BARSSUNT)Y -
(SREEXZ- [ DARSSUNKZ] # (SUNX2T-LZBARSSUNT] ) /DENGN

IF s ((SS11-I1BAROSUNIL) S (SUNIZY-TZDARISINT) -
(SR122- [1DAROGUNEZ) & {SUNX1 Y- TLRARSSUNT) ) /DENOR

MF = TBAR - OIF ¢ I1DAR - O2F ¢ 1B

AMF =18 » I

THATF s 16 o (DOF + 01F & T1(ITEST) + B2F o IR(ITEST))

DEVF = WRS(ITESH) - TIATF

ADEVF (ICOUNTA) = ABS(BEVF)

SUMABEVF = SUMADEVF + ADEVF (ICOUMTA)

POEVF = 196 * DEVF/WRS(ITEST)

APOEVE = ARS(PREVF)

IF (APREVF.CT.10.00 O TO 202

JCOUNTCF s ICOUNTCF + 1

IF (APDEVE.CT.S5.00 GO TO 2

ICOUNTEF = [COUNTEF +

20T IF(ARS(3] .EQ.“N0"1C0 TO {14

PRINT @7+ [CAGES: THATR+PEEVRrABIR 81k THATF 1 POEVE 1 ADIF 1 B1F  B2F

S AN HTH B
s ¥ 283

0N 07 FORMT(ITo"0* 128 139200 9" 1 110FD. 2020201 301F0. 29404 FO. 20 11y
um 3% F 0 S 1 10 LT 0P D 20200 "V 1 IR 0F 0. 204106 1F9. 2112179 FD. S0 110
Hin "$%F0. 5011, ")

420 114 CONTIE

IS IFINS(3).E0."N0"1C0 TO 5%

S PINT 89

SASH 88 FORMATLL 186("" Y0221 1INY

68 I8 COUNT=COUNT+L.

umn FLACL = COUNT / 2.5

e FLAGZ = FLACT - INTIFLACH

4 IF (FLAGZ.XE.0.0) €O TO 113

5508 113 CONTIME

-1 AVCABEVR = SUMABEVR / ICOUNTA

MVCABEVF = SUMADEVF / ICOUNTA

5538 80 119 I =1,]COUNTA

B0 SSPEVR = SSDEVR  (ADEWR(I) ~ AVCADEVR)ss2

330 SSREWF = SSOEVF * (ADEVF(I) - AVCADEVF)#42

SO 119 CONTIME

SO700s228 2 38a8asrastaaeainIess2a2sa0800288s0e80s838sst0n3t388282828288228282882838102328222128
TNC  CALCULATE AND PRINT RESULTS SUNMRY FOR PREDICTIVE ABILITY TESTS
SS000I21823888388082n3808383208203808208802823202323308010382023253282028880233032232232332833823832288
VARADEVR = SSDEVR / (ICOUNTA -~ 1)

% VARABEVF = SSDEVF / (ICOUNTA - 1)

TESTSTAT = (AVCADEVR-AVCADEVF)/SQRT ( (VARASEVR/ TCOUNTA] + (VARABEVF / ICOUMTA) )

PCENTER = 188 + ICOUNTER / ICRNTA

PCENTCR = 166 » ICOUNTCR / ICOUNTA

PCENTEF = 100 ¢ ICONNTEF / 1COUNTA

PCENTCF = 100 ¢ ICOUNTCF / TCOUNTA

PRINT 934VCABEVR+ AVCABEVE  VARRDEVR: VARMDEVE + TESTSTAT: [COUNTH»




H T H PR H TR

TCOUNTA, CCOUNTER» COUNTEF +PCENTER + PCENTEF » ICOUNTCR+ ICOUNTGF o PCENTCR
PCENTCF

95 FORMAT (11067 (™0™ ¢/ 15,°9° 1§1,"SINRT OF PREDICTIVE ABILITT TESTS®:
® RESULTS™ 1 121+°0%0/ 1 11187(%0%) 9 /0119"4* 91, “1TEME OF INTEREST™.81y

% REDUCED MOBEL & FULL ROBEL 9%)/s11:471%0%)o/11s0 ANVERKE
“ABSQLUTE BEVIATION":7Ts°0%:3X0F9.2¢ 310" 9% 2L0F9.2¢300%0"1 /1 1K0
“s VARINCE 0F ABSOLUTE DEVIATIONS®2X+"9%¢1XeF11.2:30:"0%F11. 21300
"8%: /110" TEST STATISTIC (SEE MOTE)®:88s°9%14d1"-=="1b1s" "1 2
F9.2030:0%: /9 (1o TOTAL WANEBER OF TEST SITUATIONS o°54le13:404"0%
ST 130410"%"1/1110%0 MNEER OF PREDICTIONS WITHIN ST o*)éLeidvéls
"9, S2e 130680 °¥"1/111,%¢ PERCENT OF PREBICTIONS UITHIN ST *:61:F8. 00
ST 0% STF4. 0150 "0% /o 11, °% MUNIER OF PREDICTIONS WITHIN 10T o%)
62e13043079*1STe 131430 °#% 1/ 11s"0 PERCENT OF PREDICTIONS WITHIN L8Te%»
STFA. 0153179 STeFA. 0e5T0"8%1/ 012067 ("8°) o/ 112 "MITE: [N TESTING FOR *»
SSTATISTICAL SICNIFICANCE USE STUBENT'S T DISTRIBUTION®:/12
*IF THE MUMBER OF TEST SITUATIONS ARE LESS THAN 4% OTMERWISE *y
USE STANBARD"/+ 11, *NORNAL OISTRIDUTION. ([N EITHER CASE THIS IS *
A OME TAILED TEST. IF™)/+11,"THE TEST STATISTIC 1S CREATER ThAM *»
*THE CRITICAL STATISTIC OME MAT™:/.1X,"CONCLUBE THAT THE AVERAGE *»
“ABSOLUTE OEVIATION OBTAINED HITH TME FULL®:/¢1X¢"NOBEL 1S
SSICNIFICANTLY LESS THAN THAT OBTAINED WITH THE REDUCED MOBEL.”)

0% PRINT,“FILES LOGFTLE+STRLEARNREDHOURSANS FULLMODL WRITTEN,®

m"mmmmmmmmmmmm

e

g PMRT 1V - “ﬂ. A SENSITIVITY MATRIX OPTION

SHICIH S HINH I T I M N H T S M SN NN
Sﬁl 116 IF (ANSUER(4) .E0."M*) GO TO 123

ADDPLGT = PLOTINCASES)

00 117 Istoi06

ADOPLOT = ABDPLOT + .1 » PLOTNCASES)

MEUPLOT(T) = INT(ADOPLOT)

ABSRATE = .48 ¢ RATE(NCASES)

00 118 Jai,?

ABDRATE = ABORATE + .1 # RATE{NCASES)

PRORATE(J) * ARORATE

FIRS(IvJ) » ADD # NEWPLOTII) 4481 » PRORATE(J) 482
118 CONTINE
117 CONTINGE

ISTARY = 3

1STr =+ 39

00 128 K=1:2

PRINT 899 (PRORATE(J) 1ds1+9)
G110 99 FORMATCIL,113("3%) +/+ 11, "% 39T, "PROJECTION D SENSITIVITY WATRII™,
2R 90 "0% /o180 139"}/ o 11" PROJECTED 41341+ "PROECTED PRODUCTION"¢
R ® RATES®:261¢"3"1/¢111"% CUMLATIVE #7:990"8°)o/oiks™  MITS #%
i HFR.2:201"0°) o/ 1 110113("0"))
H3 00 123 I=ISTART,ISTOP
(11 PRINT 90+ NEWPLAT(I) » (FRE (Do) odsls®)
170 99 FORMTUIR, ¥ 23Le [oodLe " ¥ 1 (1LHF . L0 1L "™}

31313314
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C 600 N FIRATULIY

210 nire

G220 %2 FORMAT(1E,"WOTES §. PROUECTER WALUES FOR BIRECT LADOR HOURS MAT °¢
2 "I€ REAB FRON THE ADOVE MATRIX BY NATCKING A GIVEN PRODUCTION®:/.1l:
un "RATE WITH A CIVEN NURBER OF CURULATIVE UNITS AND READING THE *»
26 “VALUE FOR DIRECT LABOR HOURS FOUND AT THE LNTERSECTION®:/+1Ks

] *OF TUE CORESPONBING RO AND COLUMN, FORECASTING NODEL IS THE ¢
o “CUNULATIVE PRODUCTION & PRODUCTION RATE NGBEL.":/+7L,"Z. PROVECT™:
an “I0N INTERVAL FOR CUNULATIVE UNITS IS 12 OF THE LAST OBSERVED VALUE®,
am © OF CUMRATIVE UNITS."+/+7X,™2, PROJECTION VALUES FOR PRODUCTION *y
(<3 "RATE ME T8 80 900 1800 1100 1200 130y 146r AND LSB PERCENT OF *,
QiR “THE™ ¢/ + 111 "LAST OBSERVED WALUE OF PROSUCTION RATE.")

3 ISTARY = 31

43 ISP+ 19

U8 128 CONTINE

4338 175 sTOMt
6e (2 ]

Sample PRODRATE Output

This next section provides a sample output of the
abbreviated and full format options‘using simulated data.
The data base was developed by Stevens and Thomerson (16:127)
to demonstrate how the PRODRATE program works. It should be
noted the data were developed to demonstrate superior
results for the full model. The program instructions are
presented first, then the abbreviated format followed by the
full format. This comparison of the optional formats will,

hopefully, demonstrate the value of the abbreviated option.
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SHHNIHHHM R U HH NI N

PRODRATE INSTRUCTIONS

RPN T HUAHH R H B H S HBN RN
THIS PROCRAN IS DESICNED 70 EVALUATE THE VARIATION IN OIRECT LABOR REQUIRENENTS AS A
FUNCTION OF CUNNLATIVE PROSUCTION ANR PRODUCTION RATE. IN ABDITION» THE AMALYST NMAY
CONPARE THE RESULTS OBTAINED FROM THE STANDARD LEARMING CURVE UITK THE RESULTS OBTAINED
FRON THE CUNULATIVE PRODUCTION ANB PROBUCTION RATE MOBEL. THE COST MODELS USED IN THIS
PROCRAR ARE:
fo RENUCED NODEL (STAMBARS LEARNING CURVE MOBELI
[ER RN N TRNITR N1
2. FRL MSOEL (CUMNLATIVE PRODUCTION ARD PRODUCTION RATE MODEL)

TeMIs(Blapieisisne

HERE: 1 1$ THE DIRECT LABOR REQUIREMENTS
n IS THE CUNULATIVE PROBUCTION PLOT 20INT
] IS THE PRODUCTION RATE PROTY{E.C. EQUIVALENT URITS PER MONTH)

E REPRESENTS THE ERROR TERN
D Bls AND 32 ARE PARAMETERS DETERMINED BT RECRESSION

DATA ARE [NPUT BT READING FROR ANT PROPERLT FORMATTED DATA FILE. TOUR DATA FILE SHORD
3€ SAVED TO ANY PERMANENT FILEMANE. TYOU WILL BE ASX TO INPUT THE NANE OF TOUR DATA FILE
AT THE APPROPRIATE STEP IN THE PROCRAW. THE NAME OF TOUR DATA FILE CAN NOT EXCEED §
CHARACTERS. THE FIRST LINE OF THE OATA FILE WUST CONTAIN A LINE WUNBER ANS THE NUNBER OF
CASES T0 BE REMD. THE DATA IS THEN ENTERED ONE CASE PER LINE N THE FOLLOWING ORDER:
LINE MUMBER, OBSERVED DIRECT LABOR REQUIRENEXT (V). CUNULATIVE PRODUCTION PLOT POINT (X1}e
ANB PROCUCTION RATE PROTY (X}, THE PROGRAN USES A FREE FIELD READ FORMAT; THEREFORE,
EACR VARIABLE MUST CE SEPARATED BT AT LEAST ONE SPACE (OR GTWER DELINITERS BUT NO OTHER
SPECIAL FORMAT IS REQUIRED. AN EXIANPLE OF A DATA FILE UITH S CASES [S PRESENTED BELOW:

i 3

10t i *.3 9.5
1R v 8.5
19 ¥ N -]
- B @ u
18 nom i

ONE ADVAKTACE OF THIS PROCRAR IS THAT THE RESULTS OBTAINED WILL SE IN THE SANE UNITS AND
FORN AS THE INPUT DATA. FOR EIAWPLE) [F TOU ARE WORKING [N DIRECT LAGOR HOURS PER MONTH
N EQUIVALENT UNITS» THE RESULTS WILL BE IN TERMS OF THESE UNITS, ALSO» IF TOU WISH TO USE
& CONRATIVE AVERACE APPROACH) ALL TOU NEED 00 [S ACCRECATE THE DATA BASE [N THAT MANNER.

THE PROGRAR DECINS BY TRANSFORNING THE INPUT DATA TO COMMGR LOCARITHNS. LOGC LINEAR
RECRESSION 1S THEN PERFGRMED AS FOLLOWS? T RECRESSED OB Il) ! RECRESSED OM 12, AND
FIMALLY ¥ RECRESSED ON BOTH X1 a%D X2. OBSERVED DIRECT LABOR REQUIREMENTS, PREDICTED
DIRECT LABOR REQUIREMENTS: AXD RESIDUALS ARE PRINTED IN ORICINAL (UNTRANSFORWED} FORW FOR
EACH RECRESSION SITUATICN. (N AGDITIONs SUMMARY STATISTICS ARE PRINTED FOR EACH MODEL. THE
SUNMMRY STATISTICS INCLUSE TWO COEFFICIENTS OF OETERWINATION R SOUARED LOC AND R SQUARED
ACTUAL. THE R SQUARED LOG REPRESENTS TME COOIWESS OF FIT OF THE MODEL TO TWE TRANSFORMED
DATA (LOC FORW), TME R SOUARED ACTUAL) ON THE OTHER HANG» IS COWPUTED USING THE
UNTRANSFORNED RESIDUALSs AND IS REPRESENTATIVE OF NOW VELL THE MOBEL FITS THE UNTRANSFORMED
JATA, THE DURBIN-UATSON STATISTIC 1S CALCULATED FOR ASSESSMENT OF AUTOCCRRELATION
OF THE RESIOUALS.




SEVERAL OPTIONS ARE AVAILABLE UITHIN THIS PROCRAR AMD CAN BE SELECTED 37 APPROPRIATE
AIGIERS TO THE FOLLOWING QUESTIONS:

(1o 90 TOU UANT TO CHECK DATA AS tf IS REAB FROB FILE ........ AMB CONVERTED TO

LOCARITHNS?

TES - WILL CAUSE THE PRINTING OF A LISTING OF THE RATIONAL [NPUT DATA A NE
MSSOCIATED LOGARITHRIC VALUES.

W - SUPPRESSES THIS OPTION.
2. CONPLETE PRINTOUT?

TES - WILL CAUSE QUTPUT TO BE PRINTED IN FULL FORMAT AS DESCRIBED ABOVE. i
99 - UILL BELETE THE LISTING OF QDSERVED, PREDICTED, MR RESIBUAL VALUES
DETVERN TADLES OF SUMMARY STATISTICS, IT WILL ALSO BELETE LISTING OF :
IXBIVIDUAL MATRICES FOR THE SWORTRANGE PREBICTIVE ABILITY OPTIONII.E.. b
GILT TIE SUNIARY TABLE WILL BE LISTED,

3. 08 TO08 WANT A CONPARISON OF THE SHORTRANCE PREBICTIVE ABILITY OF THE TWO WODELS?

TES - UILL CAUSE TVE PREDICTIVE ABILITY TEST OPTION TO BE ACTIVATED AND THE USER HILL
3E TOLD: 'ENTER PAEBICTION ANICE (CASE NUNBERS FOR FIRST AND LAST CASES).'

SHOULD ENTER THE NURBER OF THE FIRST CASE TO 3E PREDICTED FOLLOWED

THE LAGT CASE TO BE PREDICTEDs SEPARATED BT A COMMA. THE CASE NUMBERS

INTECER WALUES CREATER THAW OR EQUAL TO 2. TWE PREDICTIVE

TEST SIMRATES FUTURE PREDICTIONS BY PERFORNING A STEPUISE TRUNCATION OF
HISTORICAL DATA. FOR THIS REASON, AN UPPER LINITATION ON THE MUNBER OF

CASES TRUNCATED WOULD 0E: ((TOTAL MUMBER OF CASES [N DATA FILE) / 2) - 2

FOR IF TOUR DATA FILE CINTAINS S§ CASES. TOUR UPPER LINIT WOULD IE

4 CASES. THIS» OF COURSE» REPRESENTS ONLY THE KATINUN NURBER OF CASES THAT

COMD DE TRUNCATED. [N PRACTICE YOU MAT UANT TO TRUNCATE ONLT A SNALL NUMBER OF

F TOUR DATA IS COLLECTED [N MONTHLY INTERWALS, TOU CAN LOOK AT

THE PREBICTIVE ABILITY OF THE FULL ANO REDNCED MGDELS FOR AR 13 NONTW TINE SPAN 3Y

SPECIFYING AN 1§ CASE RANCE. (F YOUR DATA [S COLLECTED IN QUARTERS, YOU CAN LOOK

AT THE PREDICTIVE ABILITY OF BOTH AODELS FOR AN 18 MONTH TINE SPAM BY SPECIFYING

6%, WFTER ALL PREBICTIVE ABILITY TEST SITUATIONS ARE PRINTEDs THE PROCRAN

PRINTS A SUMWRY OF THE TEST RESW.TS.

M - SUPPRESSES THIS QPTION.
4. D0 TOU GANT PROJECTION M SENSITIVITY MTRII?

TEB - UILL CAUSE PRINTING OF PROJECTION ANG SENSITIVITY MATRIX. THIS MATRIX PRESENTS
PROJECTED DIRECT LABOR REQUIREMENTS FOR SELECTED PAIRS OF CUNULATIVE PRODUCTION
PLOT POINTS AXD PRODUCTION RATES. THE PROJCCTION INTERVAL FOR THE CUMRATIVE
PROBUCTION PLOT POINT IS 1T OF THE LAST OBSERVED VALUE. THE PROJECTION VALUES
FOR PROUCTION RATE ARE 78, 88, 9%y 188 110y 120+ 136v 106y AN 158 PERCENT OF
THE ST VALUE OF PRODUCTION RATE,

M -SUPPRESSES TNIS OPTION.

SeSPECIAL NOTEHS THE PREDICTED BIRECT LAROR REQUIRENENTS AND RESIDUALS FOR EACH NODEL
ARE STORED [N SEPARATE FILES. THE VALUES FOR THE STANDARD LEARNING CURVE MODEL ARE
STORED [N A FILE CALLED "STOLEARN'S THE VALUES FOR THE PRODUCTION RATE VARIASLE ALONE
MOOEL [N THE FILE 'REDHOURS': AN THE VALUES FOR THE CONBINED CUN. PRODUCTION ANS
PROCUCTION RATE MOBEL [N TWF FILE 'FILLMODL’. USERS NAY ACCESS THESE FILES FOR
MESIDUAL MMALTSIS BT OTMER COPPER INPACT STATISTICAL PROCRANS» IF DESINED.
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SO
PEARSON CORRELATION COEFFICIENTS MATRIL
SRS N

LI | LU { L B 1
HHBHNR R Y
T & L.0000008 & -0.9953710 + -0.9841432
Ll e e e )
I8 8 -0. 0955710 & 10000008 3 0.9964448 . r

SHIHH M R
12 8 -0.90401432 ¢ 0.990448 ¢ L.0000000

T

HHHHANHIH NN I P NS l
RESILTS OF STANOARD LEARMING CURVE MODEL

HHHH MM HH T I HE MM

THE EOUATION FOR THIS MODEL ISt  THAT = 09 0 If 43 B |

1M LOG FORN THIS MODEL GECOMES: LOGITHAT) = LOG(BS) + BT + LOC(3L)

WERE! LOG(6) = 309572 ST ERROR = £.13055 B8 = 313124684
B -0.28242  STD ERROR = 4.40433

SUNNARY STATISTICS:
' . R SOUARED LOG  +0.9911S STD ERROR €ST = 0.6144
MSE s 000007 L * 183
£ RaTI0 4753.4005 LF o =i/ %
R SQUARED ACTUAL=#.92881 LEARNING FACTOR = §2.26945 PERCENT

DURBIN-UATSON STATISTICs 6.3277S3
HIHHHAH S HH I S HH

HAHHES I S R H
RESULTS OF RECRESSION ON PRODUCTICN RATE VARIABLE ALONE
IHHHH IR HHHHH S I N
THE EQUATION FOR THIS MODEL IS: * TAT: W12 6 02
1N LOC FORN THIS MODEL SECOMES: LOG(THAT) = LOC(EA) # B2 # LOGII2)
WERE: LOC(RF) = 3.23379  STD ERROR = 4.23957 06 = 1793.949%
82 s-§.74392  STD ERROR s 0.02178

SUNNART STATISTICS:

R SQUARED LOC  »4.968%4 STD ERROR EST = 4.830¢
use t §.000% L s LIS
F RATIO =1169.7938 LF.IND) 21N

R SQUARED ACTUAL:4.93479

" IURBIN-VATSON STATISTIC: 6.277283
HIHHH M TR R M
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RIS »
RESULTS OF CONBINED CUNMLATIVE PROJUCTION AMNB PREDUCTION RATE NOOEL
L L T T e T e e T )
THE EQUATION FOR THY® MOBEL (§: THAT = 00 ¢ 11 & B1 4 12 82
IN LOC FORM THIS “OBEL BECOMES: LOG(TWAT) s LOCIBE) + Bt o (OCIIL) ¢+ B2 ¢ LOC(IZS
GMERE: LOCID®) » 375388  STD CRROR = 6.00114 DO = 3472.84048
B1 «-4.39957 ST ERMOR = 0.M0130  Fe +09S32.2100
82 v .004%  STH ERROR = 3.08330  Fo =54304.9604
SIVARY STATISTICS:

R SOUARED LOC  =0.999%Y STD ERROR EST » 0.0004
e s §.00000 L + .57
F RATIO 379902812 LE W sUD

R SQUARED ACTUAL=1.00008
SURBIN-UATSON STATISTIC: 2.308328

HEHHHNHH I RS HI I I HHN NN

! . ] SUNMRT OF PREBICTIVE ABILITY TESTS RESULTS *
HIHH N I R R NS
! U ITENS OF INTEREST ¢ REDUCED MODEL ¢ FULL WODEL ¢

4 AVERACE ABSOLUTE DEVIATION * . 8.6 ¢
+ VIRIANCE OF ABSOLUTE DEVIATIONS ¢ .0 @ M 0
¢ TEST STATISTIC (SEE NOTE) * e ] 13.38
i 4 TOTAL WUNSER OF TEST SITUATIONS ¢ 1" 1] 14 1]
i : 4 WURDER OF PREDICTIONS WITHIN ST 128 ) 1) s
i ; & PERCENT OF PREBICTIONS WITNIN ST o . ] 1. s
3 & WNBER OF PREBICTIONS WITHIN 182 ¢ 14 [} 14 s
' ‘ & PERCENT OF PREDICTIONS UITRIN 11s 1. ] 108, 1]

. MOTE: IN TESTING FOR STATISTICAL SIGNIFICANCE USE STUBENT'S T DISTRIBUTION
IF TNE WVBER OF TEST SITUATIONS ARE LESS THAN 48 OTHERVISE USE STANDARD
WORRAL. DISTRISUTION. [N EITHER CASE THIS IS A ORE TAILEM TEST. IF

> T TEST STATISTIC IS CREATER TAM THE CRITICAL STATISTIC ONE mAY
CONCLUBE THAT THE AVERAGE ABSOLUTE DEVIATION CBTAINGD WITH THE FULL

‘, MIREL 1S SICNIFICANTLY LESS THAN THAT OBTAINED ITW TWE REDUCED WOSEL.

‘ FILES LOGF ILE/STIREARNSREDHOURS »AND FULLNOZL, URITTEN,




00000000 0 0 MMM I N HH R I M

INPUT BATA AG READ FROM FILE TESTOATA ANB CONVERTED 70 LOCARITHMS
T T A L L T L L T DA T )

LINE  BIRECT LABOR HOURS o CUW PROD PLOT POINT # PRODUCTION RATE
RATIONAL LOGARITHN ¢ RATIONAL LOCARITHM ¢ RATIONAL LOGARITHM

100 1008.08 3.0308209 ¢+ SA.00 14007 4 .21 0.3368239
1 M3.00 29047155 ¢ ITI.06 2.2038301 ¢+ 3.85 4.5854487
12 HL.00 2.8008380 ¢+ 313.M0 2.4933443 ¢ 445 9.5483406
1% SU0.00 2.7481886 ¢ ASL.06 2.457053% ¢ 94 $.4937249
1 49300 2.0928069 ¢ 42008 2.7969743 ¢ 5.3 sJunn
1 W00 26000428 ¢ TOS.M 2908371 ¢ S0 A.74TITSY
14 42700 T.0A04814 ¢ 106S.00 3.M021441 ¢ 647 1.8109043
Y, 00,00 2.4803814 ¢ 1204.80 3.M813473 ¢ 71 08207225
199 .06 2.3458478 ¢ 149540 2.1THALL 4 7.08 4.845098¢
1% U8 23403293 ¢ ITTS.06 2.249193 ¢ 7.37 0.8674673

300.00 23183139 ¢ 2092.98 3.3205417 ¢ 1.9 4.8913373

320.00 1.3851308 + 247108 3.3831948 ¢ .33 4.9206456

AT T30I0S93 ¢ 2T69.40 3.2 4 9.49 4.9585439
N30 24955443 ¢ 7600 3.5019808 ¢ 9.86 4.9938749
300.00 2.4999535 ¢ 3S57.M0 3.5514830 + 16451 1.0214007
W40 24020734 ¥ 397680 359U ¢ 11L17 10486532
290.00 24742103 ¢ MST.00 3.0483332 ¢+ 11,80 1.H718829
0.00 2.4423980 ¢ 496400 3.4938318 ¢ 12,37 10903697
2400 2.4333183 ¢ S4S0.66 3.7370335 ¢ 12,87 L.1099783
U800 T.4440448 ¢ 3959.86 3.TTIITIA ¢ 13.38 1.1284561
T00.06 2.4213438 ¢ 44106 38102997 ¢ 13,65 11351307
U306 2.4199337 ¢ 4972.09 3.8433570 ¢+ 13.98 1.1433072
3600 T.482408 ¢ 749188 3.8743398 ¢+ 1423 1. 133U849
T50.00 2.3979400 ¢+ 00.80 39078114 ¢ 14T 1.14383T%
US.08 3L ¢ 2S00 3.93TREL ¢+ 1498 1.1TSSLIS
0.0 23703979 v 20050 3966478 ¢ 15.29 11840073
506 23110679 ¢ 984868 3993388 ¢+ 154 LIS
232.00 2.3450880 » 1045000 40191163 ¢ 1604 12052004
128.00 1.3579348 ¢ 1103100 4.BA20149 ¢ 14,35 (2135178
220.00 2.3560480 4 11620.00 L.H4S4303 ¢+ 166 1221TSH
21.00 2.3443923 ¢ 12227.08 L .0T3199 ¢+ 1497 1.2294818

SIBULUERUESHINABLENUCSE

e L1800 2.3304545 ¢ 12833.06 4.1084974 ¢ 17.27 1.2372903
o 216,00 2.3304337 ¢ 134906 4.1250487 ¢ 17.54 120435
L 24.00 2.3304138 ¢ 1384908 L.1414188 5 17.81 1.2384439
“w 1.0 T.3202820 ¢ 1433700 4.1504383 ¢ 1801 1SS
- 9.00 23201463 ¢ [4866.00 4.172101 ¢ 18.22 1.2085484
“s 06.00 2.3138472 ¢ 1545450 4. 1006469 » 18,41 1.2650338
m U0 23074000 ¢ (A0S0 428400 ¢ 10.38 1.2490457
L 20.00 20016308 ¢+ 1605400 42215000 ¢ 18.78 1.27349%%
L 19800 2.2944452 ¢ IT172.08 4.2348208 ¢ 1894 1.2773000

HOMMHHH MM NN M H NN NN

AN MMM M HHNHNNNN

. ] 1 [} 4 * 4
o NN

R0 -0.90143T ¢ 6.9%4048 ¢ 10000000
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FHHHHHHHHHHHHHH A R H I AN

RESULTS OF THE STAKDARD LEARNING CURVE NODEL
HHEHSH N U I

CASE OBSERVED  PREDICTED  RESIDUAL 1 CEVIATION

| 1088.4¢ 1036.45 51.5% 474

t .M .4 3.39 .4

3 H“i.n 7.19 3.3 n

4 sS4 | LB .78

L) n.n .39 -14.3¢ 2.9

¢ wl.Me 474,25 -12.23 248

7 7.0 443.83 6,83 -1.57

8 .0 £21.56 -17.5 -4.3%

9 8.0 3%.72 -.12 -7.81
is 1.8 n.n -30.93 -8.9
1 4.4 %4.78 -34.78 4.3
12 .0 346,19 -26.19 -0.19
13 2.0 3.3 -t6.30 -5.14
1 in.n 326.63 -1.83 -2.4
i3 n.0 314.52 -1.52 -4.49
13 .. 4.9 3.1 1.8
17 .M 1.4 6,56 .2
] M.M 82,41 1.3 2.5
1y %4.90 a3 8.87 .
L] nu u8.39 %.64 .4
U ue.n uL.3R 1.48 .u
u uUs.n 56,74 b26 2.38
a 5608 n1.58 4.42 .73
" 8.0 6.2 LN 1.56
-] u.. U1.5% .4 .40
o 0.4 1M 1.96 .8
a [<-N 232.86 .14 §.91
0 .8 . .M 1.3
s .4 €252 .48 1.0
» a.. .19 1.81 .81
3 ai.ne 9.6 1.93 .88
2 u.”8 046.05 1.93 .0
k< 2e.08 3.8 . 1.0
k) N uLe .93 f.18
k- .0 .4 1.39 .73
% m.n wm.n .72 1 B
n 0. M|m.n .18 (8]
3 n.n 8285 .13 (N
3 m.n .73 4.713 -4.37
L 198.6 9.9 1.1 4.3l

U RN
THE EQUATION FOR THIS MODEL ISs THAT s B 4 X1 & 01
1N LOC FORN THIS MODEL BECOMES: LOC(THAT) = LOG(R®) + B1 ¢ LOG(I)
WHERE: LOCIBS) = 3.49572  STD ERROR = §.13055 96 = 3131.20884
B1 =-0.78252  STB ERROR = 6.4433
SUMNARY STATISTICS:

R SQUARED LOC  =4.99113 STD ERROR EST = f.0144
3 = §.0000 L z 1.10%
F RATIO 253,448 B.F. /D) =17 39

R SONMED ACTUM*0. 98381 LEARKING FACTOR * §2.20943 PERCENT
SURBIN-HATSON STATISTIC= 0.327733
L S T S L L T D L T
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T e T T L T
RESULTS OF RECRESSION OM PRODUCTION RATE VARIABLE ALONE
HAHH T H L H T H Y

CASE (BSERVED  PREDICTED  RESIDUAL T DEVIATION

1 1968.50 4.4 113.14 6.4

2 .M 658,04 144,96 18.65

3 i 599.83 .17 1.8

4 .N LT L) 13.53 2.38

3 .M Sté.ét -23.41 479

b “w.n 8.4 LN 4.3

7 1.0 “1.24 -16.24 .34

] "“.n $835.2 -31.28 -1.14

] e.N 421.88 -33.30 ~14.42
19 u.. .9 -58.94 -18.99
it 6.4 0.5 -39.54 -18.04
12 0.8 .4 -50.46 ~13.81
13 H.4 u1.29 -3.2¢9 -9.56
1% 3.4 320.9 +13.99 N
1S .6 HL.N - -4.89
113 .0 m.n 687 1.4
11 299.06 BN 11.98 L
it N.N 6.18 13.85 .77
19 8.8 48.13 15.87 3.59
pe) n.N 8.4 17.81 .34
i a.. 238,45 13.35 4.93
n 3.1 043 18.87 413
a e 8.8 1.18 2.4
) . 243.56 .50 L4
-] us.» 9.9 S.58 .8
% .0 03.97 3.13 1.3t
a ui.n 1.8 L1 1.3
It 2.4 1.2 L) 1.8¢
3] ae.08 4.4 .40 1.58
3 .. 1.9 (9} .2
it ia1.4 14 B2 .13 .23
2 . N U .55 117
k<] e L .21 1.48
3 4.8 us.st .8 1.68
¥ H.N n.a L .8
% .. w2 1.97 5.9
i we.08 .8 8.5 By
3 n.e . -1.44 -4.31
3 u." w.n -2.42 1.2
L 198.48 m.5 -3.18 -1.99

HHHH B I R
THE EQUATION FOR THIS MODEL 1S3 *  THAT = B ¢ I2 +e B2
1N LOG FORM THIS MGDEL BECONES: LOG(THAT) = LOC(EN) + BZ # LOGIID)
WIERE: LOGISH) = 3.25379  STD ERROR = 4.23957  §6 = 1793.84%96
- 82 :-4.74397  STD ERROR = 442175 .
SUNMARY STATISTICS:

R SQUARED LOC  =4.94834 STB ERROR EST » 1.8309
ASE s 0.406% NSR + 1T
F RATIO 31169.79%8 LF .MM 1B

R SQUARED ACTUAL=#.93479
OURBLK-UATSON STATISTIC: §.277268 _
HEHH A I HH HH NS




HEHBH I HHHH R HH IR R H NN

RESILTS OF COMBINED CUNULATIVE PRODUCTION AND PRODUCTION RATE ROGEL
SHHHH H HHH I T H R HH R

CASE (OBSERVED  PREDICTED  RESIDUAL T DEVIATION

i 1068.49 1988.13 -9.13 4.0
Hd 0.0 883.13 -4.13 -4.02
3 “ui.H He.n .27 .0
e 0.0 3.8 4.0 -4.42
] 193.96 L&Y ] .07
b “2.9 1.9 .48 .2
7 Q1.0 431.10 -6.18 -4.02
] . .12 4.12 4.8
? UL 348.2¢ -4.2¢ 4.7
1 ui.ne UM 4.0 4.0
11 3.4 1.59 .4 .12
2 .M 39.3¢ .4 f.43
13 H1.08 317.56 4.5 -4.16
1" 3.8 n.n -4.28 4.0
13 n.e . 09 1.3 .0
1 kN .2 -4.32 -4.10
17 .0 .89 g.11 .4
18 9.8 .68 4.4 -#.43
1 24.0 w73 0.23 ."
L] 8.0 m.u -4.21 4.0
u N 9.5 (AL 6.1
74 3.4 2%2.38 .2 5.8
<] 5.8 .53 1.a 118
r{] 8.4 .0 -§.29 -4.11
8 us.n 44,84 f.16 .0
) ue..e 239.3¢ -4.34 -4.14
u ni.g 3.9 -4.01 -4.63
a oL 231.43 .37 816
) . M b9 LI
k| 4.5 438 -8.38 -4.17
i 1.4 21.13 -$.13 -.86
k4 218.0¢ a1y 1.3 §.02
k< 21498 US98 .65 .02
k 4. 23.78 .z 6.1
k- Hi.N U138 -4.38 -4.18
% .4 .88 .12 .0
n .M s.88 §.12 0.6
% .8 w2.83 613 .07
¥ .59 8.28 4.2 -6.10
L 198.04 197.97 .3 1.8

HHEHHH T HHHH R H RS
THE EQUATION FOR THIS MODEL (S: THAT = B8 ¢ I1 &0 01 ¢ 12 4602
IN LOG FORN THIS MODEL DECOMES: LOGCITHAT) = LOC(BS) + B1 ¢ LOCIX1) + B2 ¢ LOG(I2)
WHERE: LOGIRE) = 3.73386  STD ERROR = 4.60114  §F = S472.84048
Bt =-6.50957  STD ERROR = 4.60134  Fe =9532.2199
B2 = 9.8449%  STD ERROR = 4.00356  Fo :54384.9484
SUNMARY STATISTICS:

R SQUARED LOC  =0.99999 STD ERROR EST = 4.0084
MSE s 0.00008 AR z .57105
F RATIO 17988.2812 B.F. D =37

R SOMRED ACTUAL:=1. 0006
DURBIN-UATSON STATISTICs 2.304028
S RN R RN
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HBHAH B HHHHHH R I S H RS R HHHHH HH T HB N

¢ SHORTRANCE PREDICTIVE ABILITY COMPARISON A |
4 THE DATA PRESENTED BELOW [S FOR CASE # 48 WHICH HAS AN OBSERVED VALUE OF:  198.0f &
HHHHHHB T HH R S H I T HH R
LI REDUCED (LEARNING CURVE) MODEL % FULL (CUMULATIVE PRODUCTION ¢ PRODUCTION RATE) MODEL ¢

# CASES $HHMNIIHH IR HH I H I H I N H RN

§ USED ¢ PREDICTION # 1 DEVIATION # EST 86 # EST Bt se PREDICTION ¢ I DEVIATION ¢ EST 86 # EST BL # EST B2 ¢
CHHENHH R HH T HH R M I

¢ ¥ 190 ¢ 433 ¢ 2041 428252 4 19797 4 §.92 & Sb73.27 #-4.59961 ¢ 9.84704 ¢
$ W 1N+ 450 ¢ NDUW A28 19798 4 g.61 & Sb71.21 4-4.59947 & 0.80473 ¢
¢ 0y 1908 0 450 3 N2T.32 028204 4 19797 ¢+ 6.1 & SETL.58 #-9.59947 & £.84669
% 195 ¢+ 453 b 32039 428250 1 19797 4 §.92 & SO71.34 #-9.59941 # §.84649 ¢
B 1989 ¢ 40T 4 ABVM 823 0 197,96 ¢ 692 3 SE71.37 #-3.59938 ¢ 0,84637 ¢
¢ W or 19883+ 427 ¢ IS 0202924 197.98 4 g.81 & SO71.81 #-4.59945 & 6.84669 ¢
B 198 A2 3 U B 197.97 2 0.2 & SAT1.22 4-4.59941 & 680658 ¢
¢ 2+ 19805 ¢ 422 ¢ 351,43 -9.28357 4 197.96 ¢ §.42 & 507,43 #-9.59937 & 0.84639 ¢
N 198,25 ¢+ -4.03 ¢ 318,24 3-0.28389 4+ 197.96 ¢ £.92 ¢ SETL.17 4-8.59937 + 6.84537 ¢
¢ 3y 190 ¢ -2 4 3MS.T6 .24 4 197.97 4 §.82 % S070.86 +-9.59938 ¢ 9.80643 ¢
¢ 29 0 19781 ¢+ AR % JUTIE6 -0.28482 88 19880 ¥ 468 & 5469.98 +-6.59943 + 4.84571 ¢
¢ B 1.5 ¢ .25 % B4 -4.28513 40 198.00 4 §.30 4 Sb78.65 +-4.59941 & 4.84044 ¢

HBHH B HEHH R HEIHH T H AR HS EHBH T HH BHHEH O H T H T H R

HHHHH N HA R HH R H T R H HEHH R T R HAR RN

) , SHORTRANCE PREDICTIVE ABILITY CONPARISON :
L THE DATA PRESENTED SELGY [S FOR CASE # 39 WHICH HAS AN OBSERVED VALUE OF: 208,08 #
T R H S T HH T H A
LI I REDUCED (LEARNING CURVE) MODEL #  FULL (CUMJLATIVE PRODUCTION & PRODUCTION RATE) MODEL ¢

§ CASES HH4HHHHHHHHHHHIH B HB TR I H R N
+ ¢ PREDICTION # T DEVIATION ¢ EST 88 # EST B1 +# PREDICTION # T DEVIATION ¢ EST 88 # EST 81 #EST BZ ¢
HHHHHHIH I HHH R S H NS

¢ 3B+ 0.8 ¢+ 442 9 NV LM 2020 4 46+ 567121 -9.59947 ¢ 6.84673 ¢
7 e M8 2 442 ¢ UL 02028 0 20020 4 -§.0F ¢ 5671.58 4-9.59947 # 4.84449 #
* % 700,78 ¢ -39 4 379,39 ¢0.28254 4% 2019 4 G000 ¢ SOTL34 #-4.59941 ¢ 6.80549 ¢
¢ B+ W07 ¢ 433 ¢ 333424028273 08 200,18 4 -9.09 8 S471.37 4-4.59938 # 984437 ¢
¢ N 20836 4 028 ¢ UINSL 2022 4 2L ¢ B0 & SETLLBL 4-4.59945 # 9.84649 ¢
0y 83T 3 69 3 A3 028320 1 26619 0 -0 ¢ SET1.22 +-0.59941 @ 9,84650 ¢
¢ R 0.8 2 6N ¢ AUSLAS 028357 1 20019 ¢ 069 & SETLLEQ 4-4.59937 4 084639 ¢
¢ 3+ 1999 4 .01 ¢ 33824 -4.20380 44 204,19 ¢ 099 8 SA71.17 4-4.59937 ¢ 4.80437 ¢
¢ M INTT e 011 % 3476 +-9.20020 3¢ 200,26 ¢+ 608 v S676.86 +-9.59938 # £.84443 4
LI+ BB K- $.23 ¢ 37366 020062 4 2M.23 ¢+ -B.01 8 5649.98 +-4.59943 ¢ 6.84471 ¢
LI BTNt < $.38 4 3844 +-0.20513 40 26022 ¢ A1 ¢ SE70.03 +-6.59941 ¢ 4.84654 ¢
» Ty 1IN0 @ .39 % M. 020578 s 286,19 ¢ 009 ¢ SETO.1S 4-9.59938 ¢ 9.84419 ¢

HIHHHH M H HHHHI N HN I H T HS R HHH NN
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HHHNR R HI R HB A HH N T HHHH AR T H T HN

¢ SHORTRANCE PREDICTIVE ABILITY CONPARISON ]
¢ THE DATA PRESENTED BELCY IS FOR CASE # 38 WHICH HAS AN OBSERVED VALUE OF: 203.80 3
AN HI R I H HH R R I H
4§ REDUCED (LEARNING CURVE) MODEL #  FULL (CUMULATIVE PRODUCTION ¢ PRODUCTION RATE} MOBEL +

3 CASES HHAMMHHNHHIHE R H I H I R
+ & PREDICTION # T QEVIATION @ EST 89 # EST 31 e# PREDICTION # % DEVIATION ¢ EST B# & EST L s ESTBZ ¢
S H I R H R H T

¢ s MN 043 & NI 20244 4+ 202,85 ¢+ 067 3 5671.38 4-0.39947 3 0.84049 ¢
¢ % v 2289 4 .5 ¢ NN LBLN L W3 4 0.09 ¢+ SU71.3¢ -4.50941 ¢ £.834649 ¢
+ ¥ s MR 011 ¢ AR B3I 283 4 0.08 ¢ S671.37 #-9.59938 ¢ 5.80437 ¢
U WL+ 018 ¢ NS B 2286 4 007 & SUTLML &-9.39945 ¢ 084049 ¢
¢ By MY s 4D HUI L0208 W 2 608§ ST1L22 -4.59940 & 004630 ¢
t-R v WL+ 43I ¢ JUSLAQ AT R LU 4 .08 3 SO71.03 0-6.39937 ¢ £.84439 ¢
3N M8 4 .4+ 33,20 +-5.20389 ¢ 202,84 0.08 & S5071.17 +-9.39937 & 0.84637 ¢
B 2.8 2 0T ¢ ST -20020 1 202,89 4 0.08 & 3470.84 +-0.59933 ¢ £.84643 ¢
P s WM .68 8 T -0.28062 ¢ 202,88 ¢ 606§ 5669.99 +-6,59943 ¢ £.84671 @
¢ We WM+ 681 4 3B -0.20513 8 2.87 4 0.6 & SU70.85 1-0.39941 ¢ 6.84604 3
¢ U 9% ¢ 181 ¢ 3198.10 +-0.208578 ¢8  262.84 4 .08 4 5470.15 -6.59938 ¢ 4346190 ¢
P Uy 3] 4 1.2 ¢ 321066 +-0.28638 4+ 262,85 ¢ §.08 3 S5469.98 +-0.59938 ¢ 6.84623 ¢

HIHHH I HH N HH B H R N H I H S

HHH T H H U HBHH H HEH B T H T H NN

] SHORTRANGE PREDICTIVE ABILITY CONPARISON *
* THE DATA PRESENTED BELON IS FOR CASE # 37 WHICH HAS AN OBSERVED VALUE OFt  264.48 s
HHHH R R A T I
LN A REDUCED (LEARRING CURVE) RODEL #  FULL (CUMULATIVE PRODUCTION & PRODUCTION RATE) MODEL ¢

§ CASES HIHIHIHHHHIHHN SR HHE HH B R HH I HH R RS
4 USED ¢ PREDICTION & T DEVIATION # EST 86 # EST Bl &4 PREDICTION ¢ I DEVIATION # EST 38 o EST Bt o EST BZ ¢
FHEHHH I HHH R I H T H IR B R T RS

+ 3% WM 3 045 8 3129.39 -4.28250 B 295,87 ¢ B.0b 0 SH71.34 -4.59941 ¢ §.84849 ¢
s J{ v N e .51 0 33342 428273 4 205,86 ¢ .07 & 5671.37 +-4.59928 & 0.84437 ¢
Uy 2SS e 0.56 ¢ 3137.51 4. 28292 ¢ 285,89 ¢ .05 & S471.81 3-6,59943 ¢ §.34849 ¢
t B W 1.65 0 344,39 +-£,28328 40 205,07 ¢ B0 ¢ SE71.22 +-4.59941 ¢ 0.84458 ¢
t 2y WM 074 & 3151.43 3-4.28357T 4 208.87 ¢ B.06 v SET1.03 -4.59937 & §.84839 ¢
t N W28 4 .84 & 3158.24 +-4.28389 ¢ 205,87 ¢ §.00 ¢ SBT1.17 -6.59937 ¢ 4.84437 ¢
LI IR B ' N 7 ) .96 & 348,76 5-4.20420 4 205.88 ¢ .00 ¢ 5870.85 4-0.59939 ¢ £.84643 3
¢ 2 B84 e 105 & 373,66 +-4. 2882 14 25.91 ¢ .04 % S5449.98 9-4.59943 ¢ 430571 &
s B+ 53 4 1.2 ¢ 318404 428513 ¢ 205,96 ¢ 005 ¢ 5570.85 +-4.59941 ¢ £.88464 ¢
s Ty 4302 0 .48 ¢ 3198.10 +-9.28578 ¢¢  285.87 ¢ .06 # 5570.15 3-4.59938 * 0.54519 ¢
s W+ WY 1.58 ¢ 3210.66 +4.20638 4 205,38 ¢ .56 3 S547.98 +-4.59936 ¢ 4.80623 ¢+
¢ By M3 178 ¢ 32028 4.8 0 BN ¢ 0.0 ¢ S49.57 4039940 ¢ 0.80683 ¢

(NN NN HHHNH R HH IR N
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L SHORTRARCE PREDICTIVE ABILITY CONPARISON ‘ *
¢ THE DATA PRESENTED SELOU IS FOR CASE # 36 WHICH HAS AN OBSERVED VALUE OF:  209.40 ]
SN I HH I H T H R NN
(A RENUCED (LEARNING CURVE) nogEl #  FULL {CUNULATIVE PRODUCTION & PRODUCTION RATE) MODEL +

¢ CASES t000i0000 it HAHH IS HHHHHHHHHH T I R TN
¢ USED ¢ PREDICTION ¢ I DEVIATION & EST 38 + EST BY oo PREDICTION ¢ I DEVIATION ¢ EST B ¢ EST B1 s EST 82 +
SN R H B HH I H

* By W2+ 68 ¢ AN AW WY 3 $.36 ¢ 3571.37 4-0.39938 ¢ 9.84837 ¢+
+ Wy WAL e A 6 NS A28 1 20889 4 .85 3 547101 -4.59945 ¢ £.30849 ¢+
¢ B WM 0.9 0 344,39 42032 +0 208.07 ¢ g.50 % SO71.22 #-6.59941 ¢ 0.84430 ¢
¢+ R+ W2 10 ¢ ASLQ AT 6 U807 4 006 & SU71.03 4-6.59937 ¢ £.80430 ¢
¢ N W .18 & 33020 +-4.20300 & 28,97 ¢ .66 8 S071.17 #-6.59937 ¢ 0.84637 3
L B %< B 128 ¢ 3US.T0 428020 80 20888 ¢ 6.6 0 S476.86 0-0.39938 2 504043 ¢+
e e e 139 ¢ 373,46 4. 2842 8 218,91 & 6.0 3 S840.98 +-4.59943 ¢ 6.80671 ¢
By WM 1.3 ¢ 3.4 4208134 208.90 4 0.5 & S470.45 +-4.59941 ¢ 084644 ¢
¢+ T W4 1B+ 39010 428578 68 208.87 ¢ f.06 ¢ 3576.13 4-8.59936 # 030819 ¢
¢ B+ ™M 191 ¢ 32666 +-4.28038 6 298,88 4 .06 ¢ 5069.98 #-4.59930 3 £.80423 ¢
¢ O W40 A1 ¢ AW 4287w M+ B 8 SHO.ST +-6.59948 ¢ 6.38643 ¢
$ N+ 239 ¢ U ¢ A 420799 4 UR9 065 3 5669.29 #-6.39932 ¢ 4.844635 ¢
M HEH A A T HH T N

HHHHHH N NN HHH HRHHH B HHBHER RS

] SHORTRANCE PREDICTIVE ARILITY CONPARISON )
U THE DATA PRESENTED LELOW {S FOR CASE # 35 WHICH HAS AN OBSERVED VALUE OF:  211.H )
HHHHIHH RN R HH T HH M
" 4 REDUCED (LEARNING CURVE) MODEL #  FIRL (CUMRATIVE PRODUCTION ¢ PRODUCTION RATE) RODEL ¢

§ CASES SIS HHIHHHHHHHHH S R H U HHH R S
¢ USED ¢ PREBICTION # T DEVIATION # EST B# 4 EST B1 o PREDICTION + 2 DEVIATION  EST 86 o EST B # EST B2 -

+ W U .83 ¢ N3ITSL-4,28292 8 21139 ¢ 6,19 § SETL.B1 #-5.39945 & £.54449
¢t B NN .92 ¢ 34439 +-4.20320 4 21138 ¢+ 4,18 8 3471.22 +-6.59941 & 6.34450 ¢
¢ RN+ M8 183 ¢ 381,43 4428357 6% 21137 ¢ 4,18 & S571.03 +-4.59937 & 4.830639 »
¢ 3 e W4T 4 1,06 ¢ 3158.28 +-4.2838% s 210,37 ¢ 4,07 & S471,17 4-0.59937 ¢ 4.84437 &
[ BE NS X3 1.0 ¢ 314876 -4.28020 ¢ 211,38 ¢ 6,18 & S5470.86 #-6.57938 4 4.84443 ¢
+ s 282 4 131 ¢ T80 4282 0 2ULE ¢ 019 & 5649,98 -0.59943 ¢ 4.84671 ¢
" B 1.9 146 ¢ MU -4.28513 0 UL ¢+ 4,19 & SE70.05 -4.59941 ¢ £.80044 ¢
¢ 0 N ¢ 145 ¢ 3198.10 «4,28578 00 211,37 ¢+ -4.18 & SE76.1S -6.59936 ¢ 0.38419 ¢
¢ B 24145 4 1.82 ¢ 3218.60 428038 0 211,38 ¢ -4.08 ¢ 5449.98 4-4.59936 ¢ £.34823 ¢
¢ By W8 2 s 2020 -, 00 UL ¢ A2 ¢ SHAN.ST -4.59948 ¢ 0.34543 ¢
¢ 2% 728002 ¢ 231 0 R4 4,287 0 LA 4 4,19 & SE9.29 -4.59932 ¢ 4.94433 ¢
¢ B 28,77 4 247 ¢ JUSAS 4. 8NM8 s 20143 ¢ 4,21 & S669.31 3-0.59947 ¢ £.3449 ¢
HHHHHHH NN NN ¢ NN S MMM H I NN
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HIHHHH S HEHHHHHHH R R HI NN
s : SHORTRANGE PREBICTIVE ABILITY CONPARISON *
] THE DATA PRESENTED BELOV IS FOR CASE # 34 WMICH HAS AN OBSERVED VALUE OF:  214.49 *
SN I A H M N
¢ )@ REDUCED (LEARNING CURVE) MOBEL #  FULL (CUMULATIVE PRODUCTION ¢ PRODUCTION RATE) MODEL +¢
o CASES Hetnittstit ittt st M TN
4 USED ¢ PREDICTION # T DEVIATION 3 EST B & €ST 8t +» PREDICTION & T DEVIATION # EST 26 S ESTBL #EST I ¢
L L L L e

+ 8 ALIZ 4+ LB ¢ NI LU AU 4 610 @ S071.22 40,5941 ¢ 4.84450 ¢
* 2 WN e fo 0 ASLA3 +-0.20357 48 213,78 ¢ .01 ¢ SU71.03 4-4,59937 ¢ 0.30439 ¢
£ A LN 4 13 ¢ UV 423098 ULTT ¢ 11 & S71.07 +4.59937 ¢ 4.80437 +
¢ WY UL ¢ LA USTEHAZ W LTS ¢ S ¢ SET6.86 +-4.50930 ¢ 6.84643 ¢
S s LW LT3 8 3MT3.66 028042 48 2381 &+ 609 ¢ SUA0.98 3-6,.50943 ¢ 80471 ¢
¢t Br MM 107 ¢ UMM -0 H U8 ¢ 0.9+ SUTE.0S 0.59941 ¢ 0.04064 ¢
$ T+ N+ L6 % UNA LB HE ULTT o 611 ¢ SUT0.15 +-6,50938 ¢ 5.80519 ¢
¢ Bt 22 L2 6 UG AN 2ULTE & A8 4 SUT.98 -0.59938 ¢ £.84423 +
§ By My 28 WV IR 2382 ¢ 000 & SU40.57 %-4.50948 ¢ 6.04043 ¢
X WA LT ¢ UMW LT 2 ¢ 080§ SW0.20 +-4,59932 ¢ 6,84635 ¢
¢t B¢ WG 2 T ¢ RS AN 20300+ BB ¢ SU0.51 4-0.59947 ¢ 0,809 ¢
TR 241 ST RV AL AULTIS 4+ K6 ¢ SWE.TE +-6,59920 ¢ 624597 ¢
NN NI N A T R H T MM R

S HAT I HH A S A HH RS

i) SHORTRANGE PREDICTIVE ABILITY CONPARISON )
] THE BATA PRESENTED BELOS IS FOR CASE £ 33 WNICK WAS AR GBSERVED VALUE OF: 214.80 ’
A R R H I H I R TR
L R RENUCED (LEARNING CURVE) WODEL #  FULL (CUMRATIVE PRODUCTION & PRODUCTION RATE) WODEL ¢

# CASES HOtsetttitiiit it it iot S
4 USED ¢ PREDICTION # T DEVIATIOW & ST 3 ¢ £ST 01 o PREDICTION # 2 DEVIATION ¢ EST BS ¢ EST 81 e ESTBZ ¢
HIHIHIIN IS R H R

+ Ry UL 4 1.3 # NP4 S ¢ 43 ¢ SITLE3 +-0,.59937 ¢ 0.54039 ¢
¢ 3y 295 9 1.4 & 3150.20 +5.28389 & 215.9¢ ¢ B3 % SU71.17 +-4,59937 ¢ 4.80437 ¢
¢..3 & AL ¢ 135 & 3145.76 -0.28020 »¢ 21595 ¢ .03 & 5070.84 +-0.59938 ¢ 6,8043
¢ Vs AL 8 1.4 % 3UTE 02802 4 2598 ¢ 001 4 SKE0.98 +-0.50943 ¢ £.84671 ¢
t By UL ¢ 176 & JMGAM 028513 10 2US9T ¢ G01 & SU70.65 4-0.59941 ¢ 6.84844
¢ 0« U100 ¢ 194 ¢ 3900 -0.28578 44 2T ¢ $.83 ¢ S476.15 +-0.99930 1 0.80419 ¢
WY M LI2 e R0 28 W 2SN 4 0.3 ¢ S049.98 -4.59930 ¢ 6.84823 ¢
0 UK+ L3 RUDELATR M USI ¢ BB SUNST -4.59948 ¢ 0.30043 ¢
U ALK Y 2N U AT U592 582 SH.29 -0.59932 ¢ 0,64435 ¢
8 08 ¢ LM ¢ UNAS 02N M 2600 0 008 b SUUT.ST S-0.59047 ¢ 0,80498 ¢
$ Ry WML 03 8 R 20 USS ¢ B3 SUESLTE +-6.50920 ¢ £.04597 »
¢ U M3 AN BT AT N U 0 L SUT.92 6,502 ¢ 0.84337 ¢

SH00H0 3000000500000 000 000N M0 S H 000000 IS L0000 S0 UM SO MM H N M HINNNN
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SIS AN Y
SHORTRANCE PREDICTIVE ABILITY CONPARISON 4
mmammxsmussnzmmmsuomvmm 21..” *

# PREDICTION # T DEVIATION & E€ST 84 o €ST 31 ¢ PREDICTION ¢ T DEVIATION ¢ EST B§ ¢ ESTS1 S EST B2 ¢
S HNRH I S N H U HHH I S

$ 0 UL 123 ¢ U268 -0.2830 80 TS ¢ 602 4 567117 +-6,39937 + 0.84637 ¢
¢ ¥+ UL 4 1.3 ¢ S0 +-0.20020 0 27.% ¢+ 502 ¢ SiTE.86 +-9.57938 ¢ £.30843 ¢
¢ ¥ ULE & 143 & T340 -0.2002 48 21800 ¢ 608 0 5609.98 9-6.39943 ¢ 0.84671 ¢
¢ B+ ULS » 157 ¢ 30N -6.20513 86 2T &AM & S6T0.05 +-4.59941 ¢ 0.846d4 ¢
¢ g UsLIe e 175 ¢ N6 -4.20578 3+ 279 4 0.02 & Si70.1S +-6.39930 ¢ B.o4619 ¢
¢ B+ M8 ¢ 192 & 32016.600 »6.20038 0 2T ¢ A2 ¢ S0i0.98 +4,57930 ¢ 0.8023 ¢
¢ B MM U RN H 2006 ¢ 5.0 3 SKNST .59 ¢ 4.04003 ¢
Ay UL LU Y RN R UTLE ¢+ B ¢ S649.29 4459932 ¢ 4.84633 ¢
¢ B+ ALK T4 UGS 20N B 20882 4 001 b SE9.SE -0.59947 ¢ 0.04498 0
s 20+ AL+ 34T NV HA2 W 279 ¢+ S82 ¢ 56870 +-0.59920 ¢ 6.84597 ¢
¢ U WA AT B8 U193+ 83 8 SKT.9T 4059982 3 0.84537 4
T Wy MM 457 0 BB AN AT ¢ 00T ¢ 56433 -5.59040 ¢ 0.34309 ¢
HHIHHHA NN I HH S I R NN

A HHH R I H R R HH RN
] SHORTRANCE PREDICTIVE ABILITY CONPARISON ]
¢ THE DATA PRESENTED SELOV IS FOR CASE # 21 WNICH WAS AN OBSERVED VALUE OF: 221.H8 ]
S N N
REDUCED (LEARNING CURVE) MODEL 4  FULL (CUNULATIVE PRODUCTION ¢ PRODUCTION RATE) MOBEL ¢
A M T T H I N
4 PREDICTION # T DEVIATION & EST 56 ¢ EST 81 +» PREDICTION ¢ I DEVIATION ¢ EST 86 ¢ EST 81 o ESTHZ ¢
SHIHH M H M I I H I H R N

SO 6 UL 4 131 0 IS A28 20,12 4 406 ¢ SET6.36 -0.59938 ¢ 0.84043 ¢
PO r TS 4 LA 8 TR -RBM2 4 22106 0 BT 0 SEE0.98 +-6.59943 2 084471 0
Pl AL 4 1S 8 LU 0285138 2005 § -6.07 0 STE.E5 e-0.59081 ¢ 0.04644 ¢
: SO UL s LT3 8 UM SE2SB . 20,12 ¢ 485 1 SET0.1S 10,5093 ¢ 6.30619 ¢
! Wb 281+ 19 6 0.6 0288 W 22012 ¢ 5.6 ¢ SHN.98 ~0.59930 ¢ 5.04623 ¢
. ¢ Br e b 2R v RN 2106 ¢ G070 SD.ST -0.59948 ¢ 534043 ¢
POs USN  23 F UM ST N 22008 5 806 ¢ Se0.29 +-8.50932 ¢ 0.34435 ¢
P B US4 28 b JUSAS 8N4 s 22008 ¢ 008 0 S649.50 +-.50967 ¢ 0.54490 ¢
> e U+ 32 ¢ W2 6200886 2212 8 086 0 SKS.T0 0-.59928 ¢ 4.34597 ¢
S OU Y UL s TT v IRNTe A9 W 22089 3 -0.88 ¢ SKT.9T -0.50962 ¢ 0.64537 ¢
{ bW s 2.6 4 LS 5 TGN A29S13 0 200 ¢+ 608 0 Seid.33 --0.59848 ¢ 6.84330 0
} VL9 E Z0BT6 8 SSA 0 EE.00 029853 4 22182 ¢ 0.1 b Seeh.B0 059049 ¢ 0.34366 ¢ .
y, X SVHHSHHINN NN M SN H I RN NN M M MMM H H AN MM N NN
\
d

-

.t
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SHANMHMNMHMHHHH IR NN HHH RN A NN

s SHORTRANGE PREDICTIVE ABILITY CONPARISON )
* THE DATA PRESENTED BELOY (S FOR CASE # 3§ WHICH HAS AN OBSERVED VALUE OF: 22¢.80 ¢
HAHMSHH R T HH I H R H R HHHN S
LN I REDUCED (LEARNING CURVE) MODEL 4 FULL (CUNULATIVE PRODUCTION & PRODUCTION RATE) WODEL +

¢ CASES SHSHSMI MMM I R R R Y
4 USED ¢ PREDICTION ¢ T DEVIATION ¢ EST B§ ¢ €5T B e PREDICTION + T DEVIATION ¢ EST B ¢ EST 81 ¢ EST 82 ¢
MM M A H I I

LI - B B << Y B 132 8 373,60 028002 w4 22041 ¢ 4,18 ¢ 5609.98 4-4.59943 ¢ £.34471 ¢
¢ N 2.0 146 ¢ 318444 028513 00 22440 ¢ 4.8 ¢ SUTH.ES -0.30941 ¢ 0.04004 ¢
¢ 0 . s 18 & 319010 420578 ¢ 22037 ¢ -0.0T 0 S676.15 +-6.59930 3 034619 ¢
¢ B+ 29 ¢ 108 & 321060 +0.20038 00 22038 ¢ 4.0 ¢ SEA0.98 +-4.39930 ¢ £.34023 ¢
¢ T+ %% ¢ 198 & 32020 028700 ¢ 2040 ¢ A8 & SHO.37 -0.59940 ¢ 030043 ¢
¢ U 2N LU % NUG AN 2060 ¢ 408 ¥ SEIN.29 5039932 ¢ D.84033 ¢
¢ B LY 1 290 0 JUSAS ANE B 22043 ¢ -4.09 & SEOLST -4.59947 ¢ 0.84490 ¢
2y UMW 361 ¢ 220 2958 0 22038 ¢ 607 ¢ SHE8.70 +9.59920 ¢ 4.84597 ¢
¢ U+ AN L IV AN N 22038 ¢ -0.05 8 SAAT.9T 4459902 ¢ 684537 4
¢ By 22 4 03T ¢ NN 2813 2262 ¢ -2 ¢ Seb4.33 -4.59840 ¢ 484339 ¢
1 e 20,92 ¢ 530 ¢ 36600 -4.29833 6 22027 4 .02 & SE0A.04 +-4.59849 ¢ 0.84364 ¢
¢ 10+ 20020 ¢ 657 ¢ I ANUGB 24T ¢ AR+ S6B.T 437D ¢ 0.84127 4
MMM N M N A H R R M

HIHHINHHHH NN R B R RN NN

) SHORTRANCE PREDICTIVE ABILITT CONPARISON *
¢ THE DATA PRESENTED SELOM IS FOR CASE # 29 WHICH HAS AN GESERVED VMLUE OF: 228.46 L]
HIMH I H I I R O N
L REDUCED (LEARMING CURVE) MOBEL #  FRL (CUMRATIVE PRODUCTION & PRODUCTION RATE) MOBEL ¢

s T T L o L I e T e T T L I L
4 USED + PREDICTION # 1 DEVIATION ¢ EST G0 ¢ EST B1 ¢4 PREDICTION 4 T DEVIATION & EST BS ¢ EST B1 4 EST B2 ¢
HIHHHE M H R R H A HH I SR RN

¢ B 24N 0 .73 ¢ 38444 -4.28313 00 227.93 ¢ .83 ¢ SET0.85 -4.59941 & 0.84604 ¢
¢ O+ 220,47 0 1.9 ¢ 319010 +-0.20578 40 227,90 ¢ .83 & S476.1S 4-4.59938 ¢ £.84419 2
¢ Ut 0 LN v 0.6 42038 8 22799 ¢ S0 0 SA40.98 -4.59930 ¢ 0.54623 ¢
t 3 e 2280 0 24 ¢ 320,20 48708 22198 4 .03 0 SE49.57 +-4.50940 ¢ £.80483 ¢
¢ Wy 2.8 ¢ 281 0 WU 22192 e .03 ¢ 5009.29 4-4.59932 ¢ 0.84438 ¢
¢ B NN M UGS 8N 2279+ 002 ¢ SWAT.S1 -4.59947 ¢ S804 ¢
¢ 2+ 2000 ¢ I8 0 RN 4288 2T e $.04 o S548.70 +-4.59926 ¢ 0.84397 4
U UL ¢ LT IWNTABO N 2.8 ¢ S5 v SET.92 +-4.59902 ¢ 6.04537 ¢
¢ e ULST 4 653 8 N0 428138 27,78 ¢ 000 0 S044.33 -4.50040 ¢ 6.84339 ¢
¢ 10 e UK ¢ S ¢ TN -.2953 0 22709 4 Y b SEbA.B4 -0.59049 ¢ 0.84306 ¢
I8 UL Y W BB M 2749 ¢ 603 0 Seb0.B2 -6.59772 ¢ 484127
¢ 17 900 0% AR 0 ALY INTE N .76 4 0080 % SEA.DY 4-4.359825 ¢ 4.04293

SH005000000 000000000000 4000000 20040000006 484 0 HIHHHHNNHNG +H
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4 SUARY OF PREDICTIVE ADILITY TESTS RESLTS ¢
L T e e e
+ ITENS OF INTEREST  REDUCED MODEL ¢ FULL MODEL ¢

# WERAGE ABSOLUTE BEVIATION ’ L X TR I RTE

o WMIANCE 0F ABSOLUTE BEVIATIONS ¢ 1048 ¢ ”.n @

' ¢ TEST STATISTIC (SEE WOTE) v — N 13.58 ¢
+ TOTAL WUNBER OF TEST SITUATIONS o 14 ¢ '

o WMBER OF PREDICTIONS WITHIN 5T ¢ 126 ' M '

& PERCENT OF PREDICTIONS WITHIN ST o [ A I R

4 NUNBER OF PREDICTIONS WITHIN 10T o 1" FETT '

4 PERCENT OF PREDICTIONS WITHIN 10Ts 1w, ¢+ (M

MOTE: [N TESTING FOR STATISTICAL SICNIFICANCE USE STUDENT’S T DISTRIBUTION
IF THE NUNSER OF TEST SITUATIONS ARE LESS THAN 697 OTHERUISE USE STANDARD
NORMAL RISTRIDUTION. N EITHER CASE THIS IS A ONE TAILED TEST. IF

THE TEST STATISTIC IS CREATER THAN THE CRITICAL STATISTIC OME MAY

CONCLUBE THAT THE WVERAGE ABSOLUTE DEVIATION OBTAINED WITK THE FULL

MOSEL IS SICNIFICANTLY LESS THAN THAT OBTAINED UITH THE REDUCED MODEL.
FILES LOGFILE,STOLEARNsRESHOURS +AND FULLNODL URITTEN.
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)
4

4 CUNALATIVE 40000000000 00000 0 HHEHHHINUHHHNN N 0844444 M
O UMITS + 1326 ¢ 1SS % 1705 ¢ 18.M ¢ .83 ¢ 272 ¢ 242 ¢+ AN v BA
N o4 HINIHN $ 1K
BN ¢ 11630 12800 S 1SALY W70t 1S e 193,14 US4 2180 ¢
¢ HIN ¢ 113,90 12154 800 IS0 WA I IN2.3¢ B 2106
¢ NI v 11340 1270 13 1334 b3t IS 1%L M 21036
¢ WA 0 1138 1S 13080 1S28e LSTE ITA3E 19.8¢ 220 2344
¢ %66 0 112.5¢ 1S 13926 15226 WS ITT40 1910 TAY NG G
¢ N8 v 2.0 12556 13076 15160 QMG ITT06 (1894 DL ¢ 21380
¢ UM ¢ 11170 12304 13820 1506 14380 IT63 e 1884 ¢ M9 23E ¢
¢ MU ¢ 115138 120460 13760 1305 183016 TS0 1704 ML LM

¢ M v a8 1200 13T e 14090 16250 ITS e 18726 19946 2134
¢ OO 2 11040 12340 13000 1 LMY 17030 IBLLS e i 21044
¢ T ¢ LS8 1220 1306 1880 el T34 18S8¢ 1794 N8
¢ MME ¢ NN 12270 13S0 1820 16T 17306 1SS0 e 1900 MM
¢ N ¢ N2 122340 1WA LT v 1704 IS NG 202
¢ BUZ ¢+ NS 1218 1A 1.2 INIF (N7 1638+ 19876 2754
¢ WM o+ ML 214y 131 1A 1SN0 1711 IR 1N 2D

¢ IS ¢ NS 12808 1344 1L 1584 17036 IR24 ¢ IMNI ¢ 2N
¢ W7 4 1T 12865 1308 1S4 15780 LnY S 1818 193¢ 2524
¢ 20 ¢ 1012 1200 IRT O USLe 1924 13 8Ll 19096 S e
¢ M08 ¢ 1804 U104 1220 HMASE 1576 14876 18RS e 122 2300
¢ /MW ¢ 1sS 110.2s 1370 (WS e 15008 16838 19 1915 - 38
¢ A ¢ (M0 11888 1336 16334 1SS E WIS ITV24 1S F 20234
2908 ¢ IS8 1184 1380 1300 1SS0 1NN 17860 1920 L6 ¢
¢ UM s IlAY 1105 1346 LI 1543 16636 17880 1005 M0
¢ MY 4 1SS 11740 1209 1206 (S4B 14874 17744 18606 N2 ¢
WSS ¢ MY 1122 12956 LS 19340 16826 T84 (08.2¢ (9050
¢ W s M3 1168 100 MALL R ST LML E 17024 BT IRR0 E
¢ WM ¢ IR 14 I8 1M 152400 LWL E ITSH B0 (N2
¢ MM O R4 150 12000 1600 (ST 163.83¢ IS¢ 1R3¢ 11050
¢ NI ¢ B2 (1S4 12276 13068 (SLEe 10386 1700 18574 (0% 4
¢ WY ¢ 1M 118.2¢ 12736 1302 1580 ¢ (0240 (M e IS0 E (24
* AM S 1568 12600 138.7% 1S4 16190 (7324 IB84 e 19354
¢ NIST ¢ 126 4 12640 13830 190 1ML3e M7 138 1.9
¢ N ¢ 1910 (10 B 1380 LAY 1M IT20 ¢ 183.2% 19030
¢ M ¢ IMSe 11374 12540 13736 1890 W3¢ ITIS e 18260 19340
¢ OANE ¢ 161,26 11330 12824 19V 104 1998 U718 18204 (9364
¢ NN ¢+ 189y 11300 18 13T MY 10038 7B 1813 19240
+ R o+ 1My 112.4% 1204 1M WUIIE (T L9 18006 19184
¢ 1N o+ 12 112.2% 12606 13540 L4700 13824 1MR3 6 I1BM3 e 910 e
¢ WU e Mo 110 12340 13520 1S 1T076 16880 (TR 1905
[/ I ] "ot 115 12320 {UTE (WY 1326 183+ 1702 (000
& M ?3s {1129 12284 W3 1S4 15T 76 IT0E 183930
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